Some studies on poly (phenylene ether sulphone). by King, Tee.
SOME STUDIES ON POLY (PHENYLENE ETHER SULPHONE)
A THESIS PRESENTED FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY AT 
THE UNIVERSITY OF SURREY 
IN COLLABORATION WITH 
IMPERIAL CHEMICAL INDUSTRIES LIMITED 
BY T KING
Imperial Chemical Industries Ltd 
Plastics Division 
Research Department 
Welwyn Garden City
Hertfordshire April 1975
ProQuest Number: 10800221
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10800221
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
SUMMARY
The relationship between the reduced viscosity (RV) and the number 
average degree of polymerisation (DP) for poly(phenylene ether 
sulphone) (A) is found to be
RV » 0.232DP0,665
The method used was to control the molecular weight by adding a 
known excess of functional groups (-0K or -F) to the polymerisation 
of the potassium salt of 4-fluoro-4'-hydroxydiphenyl sulphone.
The degree of polymerisation is then calculable and can be related 
to the reduced viscosity
n F - ^ S 0 2^ - 0 K + nKF
^---
(A)
Deviations from the expected behaviour are explained in terms of an 
equilibrium as shown above. Mathematical formulae are derived which 
explain the observed behaviour.
Gel permeation chromatography of the polymer shows that a small amount 
of branching is present which is formed by a side reaction. The 
phenolate group is thought to be involved but the mechanism was not 
elucidated.
The effect of polymer end groups on the thermal stability at 3^0° was 
studied. It was found that polymers containing hydroxyl end groups 
were unstable but polymers with only fluorine and/or methoxyl groups 
were completely stable at this temperature.
The decomposition of polymers with hydroxyl end groups is shown to 
proceed via the initial decomposition of the terminal hydroxyphenyl 
sulphonyl group
"s°2 \ / 0H — > ' + So2 + • -°H
with the subsequent loss of hydroxyl end groups and an increase in 
the molecular weight. The rate of reaction is shown to be first order 
with respect to the hydroxyl concentration. The relationship between 
the fall in hydroxyl content and the increase in molecular weight shows 
the reaction to be of the following type initially
branched polymer
The presence of branching in the decomposed polymers is confirmed by 
gel permeation chromatography. The above reaction is the main one 
occurring initially but subsequently a secondary reaction leads to 
the formation of new hydroxyl groups, via chain scission and the 
relationship between the increase in molecular weight and the loss of 
hydroxyl groups breaks down.
CONTENTS
Page No
Part 1 .
Introduction
1 Poly(arylene sulphones) 1
2 Preparation of poly(arylene sulphones) 1
3 Mechanism of nucleophilic substitution 3
4 Kinetics of polymerisation 4
5 Choice of the polymerisation system 5
6 Aim of the work 6
7 Molecular weight of polymers 6
8 Measurement of molecular weight of a polymer 7 .
9 Application of molecular weight measurements to poly(ether 8
sulphones)
10 Viscosity of polymer solutions 9
11 The relationship between molecular weight and viscosity 10
12 Gel permeation chromatography 12
13 The thermal stability of poly(ether sulphones) 13
14 The stability of ICI polysulphone ' 20
15 The aim of the work 23
Part 2 •
Determination of the relationship between number average degree 
of polymerisation (DP) and the reduced viscosity for 
polyyphenylene ether sulphone) (V)
1 Preparation of starting materials 25
2 Conversion of phenols to their potassium salts 26
3 Purification of solvents for polymerisation 26
4 Polymerisation techniques 27
5 Measurement of reduced viscosity 28
6 The use of 4,4'-difluorodiphenyl sulphone (XVTII) and the 28
bis potassium salt of 4,4'-dihydroxydiphenyl sulphone (XVII)
to control the molecular weight of poly(phenylene ether 
sulphone) (V)
7 Derivation of the realtionship between the number average 29
degree of polymerisation (DP) the amount of bifunctional
end stopping agent
8 Use of the equations 31
9 Calculation of K and a from the experimental data’ . 3 1
10 Results 32
Page No
11 Derivation of equations , . 42
12 Simplified form of equation 17 46
13 Checking formulae and results 48
14 The cause of the displaced position of maximum reduced 58
viscosity ;
Part 3
Osmometry and gel permeation chromatography of 
poly(phenylene ether sulphone) (v)
1 Osmometry of poly(phenylene ether sulphone) 62
2 Gel permeation chromatography of poly(phenylene ether '64
sulphone)
3 Gel permeation chromatography of branched polymers 72
4 Mechanism for the formation of branching in linear 76
poly(phenylene ether sulphones)
Part 4
Estimation of end groups in poly(phenylene ether sulphone)
1 Estimation of total number of. end groups 84
2 Estimation of Fluorine ends 85
3 Estimation of Methoxy end groups 86
4 Determination of hydroxyl end groups ■ | 87
Part 5
Thermal stability of ooly(phenylene ether sulphone)
1 Preliminary experiments: Effect of various end groups 93
2 Effect of hydroxyl end group concentration on thermal 98
stability
3 Variation of hydroxyl content with time at 380°, kinetics of 104
the reaction
4 Gel permeation chromatography of extrudates 114
5 Mechanism of the reaction of hydroxyl ended polymer at 380° 116
6 The effect of 4,4,-dihydroxydiphenyl sulphone on the 123
stability of poly(ether sulphone)
7 Effect on thermal stability of poly(phenylene ether sulphone 128
of added (XXXI)
8 Thermal stability of model compounds .134
9 Polymers with other types of thermal stability behaviour 137
10 Initiation of thermal decomposition with 1,1,2,2, 144
tetraphenylethane
11 Proposed mechanism for the thermal decomposition of 145
poly(phenylene ether sulphone)
Pap;e No
Part 6
Experimental Details 158
Part 7 
References 178
Part 1 INTRODUCTION
Poly(arylene sulphones)
Poly(arylene sulphones) (I) are a class of high temperature thermoplastics*
They have glass transition temperatures ranging from 180° for structure (II)
(?)
to 360° for structure (III)V '
(1)
-Ar-SO. n
(I)
'-T)-S02
. ^
(III)(II)
They are generally amorphous and can be compression moulded,
injection moulded or cast as film to form articles for high temperature 
applications*
Two poly(arylene sulphones) are of particular interest, Union Carbide
Corporation’s ’Bakelite polysulphone' (IV) and Imperial Chemical
Industries Limited’s ’poly(ether sulphone)'(V).
CH^
CH.,
(V)(IV)
n
Preparation of poly(arylene ether sulphones)
Two methods can be used to prepare poly(arylene ether sulphones) (VI)
Ar,Ar' = arylene residues
Ar-O-Ar’-SO,
(VI)
n
In the first the sulphone linkage is formed by reaction of a sulphonyl 
chloride under Friedel-Crafts conditions and in the second the ether 
linkage is formed by the reaction of an aryl oxide ion with a halo-aryl 
compound*
(a) Preparation of (VI) from sulphonyl chlorides
The reaction between an aromatic compound and an aryl sulphonyl chloride 
under Friedel-Crafts conditions to form a sulphone is a well known 
reaction The reaction can be used by a suitable choice of the
monomers to prepare high molecular weight polymers. (Reaction 1).
- + nHCl 
n
1 n ^ _ ^ - 0 - ^ ^ - S 0 2Cl f atal^ t->
The reaction can be carried out in the melt ^  or in a s olvent^ *
Various catalysts can be used eg ferric chloride^5)(7)^ - aiuminium chloride
(2)
and antimony pentachloride .
The reaction has certain disadvantages mainly in the formation of isomeric 
linkages and branches(5)(6)(7)(9) an(j removai 0f catalyst residues^
(h) Preparation of (VI) from aryl oxides and aryl halides 
The displacement of an activated halogen by a nucleophile is a well known 
reaction^^* Therefore if an aryloxide ion is reacted with a halo aryl 
sulphone an ether link is formed (Reaction 2) •
2 -Ar*OM + X-Ar»-S02- — > -Ar-O-Ar'-SC^-
+ MX
Ar,Ar' = aryl residue 
X = F,Cl,Br 
M = Na, K.
(1) (11)This reaction can be used to prepare poly(arylene ether sulphones).
(Reactions 3 to 5)• 
ch3
3 n S02- ^ ^ - C l ----* (IV) + 2nKCl
CH,
3
4 n K 0 - ^ ) ~ S 0 2~ ^ ^ - F
S\ ^  (V) + nKF
5 in K 0 - ^ y S 0 2- ^ ^ 0 K  +^nF-^^-S02
The reaction is carried out in a dipolar aprotic solvent such as 
dimethyl sulphoxide (VII^ dimethyl sulphone (VIII) or tetramethylene 
sulphone (IX).
CHr-CHp
c h3 - s o -ch3 ch3.s o 2,ch3 {2
(VII) (VIII) d
(IX)
Mechanism of nucleophilic substitution •
( 12).The nucleophilic displacement reaction is classed as an S^2(Ar) reaction 
In the reactions 3 to 3 above the halogen is activated to nucleophilic attack 
by the electron withdrawing sulphone group.
I
) 0 x  Cl
+ ci<
Under the conditions used no catalyst is required and there is no problem 
with the formation of isomeric linkages.
Kinetics of the polymerisation
The kinetics of the reactions 4 and 5 to produce (V)have been studied 
(13)by Attwood . Each reaction has different kinetics
K0- O S°2-<3-F f-O-S02-O-0H^-S02-Q>-
(XI)
OK
K° - ^ 3 ~ 302 ~ 'C i ^ 0K 
+•
F- 0 " S° 2 " 0 ’“F
n
(V)
~ ^*91 x 10 mole litre sec
—2 —1 
= 2*08 x 10 mole litre sec
K. = 8*39 x 1 0  ^  mole litre sec ^
K2: K^:K^ = 109:44:1
This arises because of the bridging effect of the sulphone group in 
which one group on one ring of the sulphone affects the reactivity 
of a group on the other ring^1^ .
Therefore in the potassium salt of 4~fluoro-4 ’-hydroxy diphenyl sulphone 
(X) the reactivity of the fluoro group is reduced compared to that in the 
dimer, the potassium salt of 4-(4-fluorophenyl sulphonyl)-4*(4-hydroxy 
phenyl sulphonyl) diphenyl ether (XI), because in (X) the
a
F_© " ii  i O ~ Vo ^  F- © r"«=© =0
o
(X)
0
negative charge can be delocalized on the sulphone group which reduces 
its effectiveness to activate the fluorogroup to nucleophilic attack* 
Similar considerations lead to the order of reactivity shown*
It has also been shown that when the fluoro derivatives are used an
(13)equilibrium is set up . (Reaction 6).
6 -so2 ;o2- + KF
@  < S >
!
<=? ©
Equilibrium constant K = -0- KF
[-F ] fOK ]
In the solvents indicated the solubility of potassium fluoride is very 
low and the equilibrium favours the formation of high polymer, and at a 
particular temperature and concentration an equilibrium degree of 
polymerisation is reached*
As the concentration of potassium fluoride cannot be measured with any 
degree of accuracy a modified equilibrium constant is used
Choice of the polymerisation system
In the work I have carried out, I have used, the potassium salt of 
4-fluoro-4'-hydroxydiphenyl sulphone (X) to prepare *poly(ether sulphone)’
(V). This was chosen because
(b) The reaction gives the desired structure ie no isomeric links*
(c) At the concentrations and temperatures used, the equilibrium 
constant, K*, is large and can be accounted for in the 
calculations used.
K* = K
(a) The reaction goes to completion at moderate temperatures (180-220®)
(13)in a relatively short time (4-24 hrs).
Aim of the work
The aim of the work carried out was to establish an empirical relationship 
between the reduced viscosity (see later) and the molecular weight for 
poly (ether sulphone) (V) and to use this relationship to study the thermal 
stability of the polymer*
The molecular weight of polymers
A polymer contains a mixture of molecular species of different molecular
weight thus the molecular weight of a polymer can only be defined as an
average value of some sort. There are various methods of calculating
these averages but those commonly used are the number average molecular
weight (R ) and the weight average molecular weight (B )• n w
These are defined as (16)(17).
R =
n
Ooz
i=l
n.m.
i i
Oo
V  n, z. i
i= i
n. = no of molecules of 
molecular weight m^
R =
w
i= I
w.m.i l
-  wi
z.
w^ = weight of molecules of 
molecular weight m^
i= i
and since w. = n.m.
i i i
R =
w
CO
T  2z—  n.m.
l ii= i ------_  n.m. 
1 1Z
i= l
Other molecular weights used are the z average and viscosity average 
molecular weights (Rz and Ry) where
where a is the exponential factor in the empirical relationship ^ ^ ^ 9 )  
established for fractionated polymers.
Uj] = ^  f a V  intrinsic viscosity of a polymer
of molecular weight m 
k,a = constants
Each of these averages is associated with a particular method of 
measuring the average molecular weight.
Measurement of the molecular weight of a polymer
Many methods of measuring the molecular weight of a polymer sire
available.
They include ebulliometry, cryoscopy, osmometry and end group analysis 
which give the number average molecular weight, light scattering which 
gives the weight average molecular weight and sedimentation which gives 
the z-average molecular weight. Viscosity measurements are also used 
in conjunction with the above and if used on fractionated (monodisperse) 
polymers gives rise to the viscosity average molecular weight. If the 
number average or weight average molecular weight measurements are made 
on polydisperse polymers then they may be related directly to the intrinsic 
viscosity.
Of the averages that can be calculated, the number average molecular 
weight is the most useful as this is the only average directly related 
to number ofmolecules, and hence the number of end groups, present.
Application of molecular weight measurements to poly(ether sulphones)
(21) 'Flory has shown that for a linear condensation polymer, the
ratio of the molecular weights R : R : R should be 1 : 2 : 3 for0 n w z
high degrees of conversion, ie high molecular weights. The theoretical
basis for this is based on the equal reactivity of all the functional
(13)groups present. However it has been shown that this is not so for 
poly(ether sulphone) prepared by reaction 4, therefore it is probable 
that the above ratios do not hold for polyOether sulphone) (V).
This means that a direct measurement of R must be made. The methodsn
available then, are ebulliometry cryoscopy, osmometry and end group 
analysis.
End group analysis whereby the total number of end groups in a given 
weight of polymer are measured is difficult to apply to poly (ether 
sulphone) (V) prepared by reaction 4 since the end groups are likely 
to be fluorine and phenolic hydroxyl. Both these groups are difficult 
to estimate accurately.
Ebulliometry and cryoscopy are only reliable for molecular weights up 
to about 10 000 except with the use of very complicated apparatus.
Osmometry is more accurate and molecular weights up to 1 000 000 can
be determined with reasonable accuracy but the method is susceptible to
errors caused by diffusion of the low molecular weight species through
( 22 )the semi-permeable membrane . Poly(ether sulphone) (V) is likely 
to contain a lot of low molecular weight species because of the low 
reactivity of the monomer (X) compared to the polymer end groups.
It is possible that osmometric molecular weights may be inaccurate
because of this.
Each of these methods has a possible disadvantage when applied to
the number average molecular weight or number average degree of 
polymerisation (DP)
repeat unit
based solely on the stoichiometry of the reaction and this has been 
related to the solution viscosity.
Viscosities of polymer solutions
Polymer molecules have the property of greatly increasing the 
viscosity of a solvent even when present in low concentration.
%  comparison of the viscosity of the pure solvent (flo) and that of 
a solution containing c gms of polymers per 100 mis of solvent )
polyCether sulphone) (V) but a method has been devised to measure
where DP =
M
Hq = molecular weight of a
o
certain ratios can be defined. (Table I).
TABLE I
Viscosity parameters of dilute polymer solutions
Name Symbol Definition
Reduced viscosity
Logarithmic reduced
viscosity
In fcrel
c
(27a)
The intrinsic viscosity is found by measuring the logarithmic
reduced and the reduced viscosities at different concentrations 
(^1 gm/100 cm ) and extrapolating the results to infinite dilution. 
(Fig I).
Figure 1
Measurement of intrinsic viscosity
^red
or
0
23Huggins found that the slopes of the lines were proportional to the 
square of the intercept and proposed the equations
tl red=
$ l o g =  £/?] + K2f^]2C
24* 25 26 27Other relationships hs.ve been proposed 1 ’ * * but the Huggins1
equations are the most widely used.
The relationship between molecular weight and viscosity
28 29
The first empirical relationship was proposed by Staudinger ’ 
who proposed that
j^red = KM K = constant
This equation was shown to hold for a few polymers but was not of 
widespread application and the more general empirical relationship 
known as the Mark-Houwink equation was proposed^^^1^  #
= KM3- K,a = constants
This equation has been shown to hold for many polymer systems^^ ’ 
over large ranges of molecular weight. The general method leads to the 
viscosity average molecular weight because the determinations are 
carried out on fractionated polymers which approximate to monodisperse 
or homogeneous samples, ie the molecular weight range is very narrow. 
Then the relationship
.a
D p = KM m m Dl3. is the intrinsic viscosity
of a monodisperse polymer of
molecular weight Mm
is established. When this is applied to a polydisperse polymer then 
it can be shown^^ that
f y l  = kmv = intrinsic viscosity of polydisperse
polymer
R^ = viscosity average molecular weight
where M = v
Cx>
£  a+i . . n.m.1= l 1 1
oo, ~~~~n.m.
i l2 1
i= I
The relationship between R , R and R has been derived for linear r n’ v w
condensation polymers with the most probable distribution
M : M :M = 1 : [(1 + a)T (1 + a)l a : 2n v w L J
(30) and
where r(l + a) = gamma function of (1 + a).
As a generally lies between 0.5 and 1.0 then evaluation of the gamma
— (16)
function leads to ratios between 1.7&7 and 2.00 for • Flory
M
n
states 1.67 to 2.00 for this ratio but this is incorrect.
(31)
Evaluation of the gamma function ^
[~(1 + a) = af(a) if a = 0,5 
= 0.5 r  (0.5) 
r(0.5> = v4r = 1.7725
/- |-(1 + a) = 0.5 x 1.7725
2
(1 + a) r  (1 + a1a = (1.5 X 0.5 x 1.7725)2
= 1.767
Therefore for polymers with a known distribution, the equation can be 
adjusted to give Mr directly,
1
m ***
ie M  but «v = 1(1 + a) r (1 + a) 1 a Mn
. ' .  [<t] = K. F[(1 + a) T (1 + a)] S «n]
[n! = K1Mna K1 = K [(1 + a ) T  (1 + a)]
Therefore if can be measured directly for a polydisperse polymer 
then this equation can be used. This applies equally to polymers 
with a non-ideal distribution.
Gel permeation chromatography (G.P.C.)
G.P.C. consists of running a sample of polymer dissolved in a solvent 
through a column or columns of crosslinked polystyrene gel which has 
pores of a certain size. The larger molecules cannot enter these 
pores and pass more rapidly through the column than the small 
molecules which are retained. In this way the sample is separated 
according to molecular size. (Fig.2)
Solvent
flow VK
n-X. 2
Gel permeation chromatography 
1 Sample enters column in narrow band.
2 Sample passes through column, large molecules 
moving faster than small molecules
Detector Q —1\ ///
3 Sample passes detector, usually refractive index 
type and concentration measured.
elution
volume
i
solvent 
flow
small molecules
'large molecules
 oc weight
Thus as. the polymer sample is eluted from the column the sample has 
been separated to give the molecular distribution of the original 
polymer sample.
The gel permeation chromatography of poly (ether sulphone) V shows 
some interesting characteristics which will be discussed later.
13 The thermal stability of poly(ether sulphones)
Poly (arylene ether sulphones) are very thermally stable in contrast
(32)to the poly(alkylene sulphones) which have poor thermal stability •
The initial measurements for the stability of poly(arylene ether
\
sulphones) were made on Union Carbide Corporations 'Bakelite 
polysulphone* (IV) 33,3*135,36#
(33)Hale et al measured the thermal breakdown products by mass
spectroscopy. The temperatures studied were from 200° to 600°
in vacuo. Very little decomposition occurred at temperatures
less than 400° and below this temperature only small amounts of
hydrogen, carbon dioxide, sulphur dioxide and an unknown mass 107
(ethyl benzene ?) were formed. At temperatures from 400° - 4^0°
the major products were sulphur dioxide, hydrogen, methane, phenol
and an unknown mass 95 (protonated phenol ?). Above 4^0° further
breakdown products were obtained. Similar results were obtained
34 33 36
by the other workers who also used this technique.
(33)The initial products are thought by Hale to arise from the following 
breakdowns:-
- O S02 " O -  — * ~ © - S02’ + - < Q -
so. (/2
1
-0-0
CH.
CH
CH.
■ © r  * •©-
CH.
r y e *  2 + h •
N ch3
*  - 0 - | - 0 + C H 3I
'CH.
■»
ch, j n
H — <yY
CH,
These initial breakdowns are in agreement with the bond dissociation 
energies of the polymer^
0
°-o- s
ii
0
99
H
H
102 
H
CH
[119 j 2 I100
65 i q ,_8§ ^ _ c _ 8 3 .  0 _ q _ 8 6 _ CH2
60
Values in Kcal/mole
CH.
It will be noticed that the terminal group of the molecule is 0-methyl*
This arises because the polymerisation reaction is terminated by using
methyl chloride. The purpose of this appears two-fold, in the first
instance it is to control molecular weight and in the second to improve 
(1)thermal stability
This suggests that the presence of hydroxyl groups (present after 
conversion from phenoxide groups) are undesirable* This aspect of 
the stability is not discussed in any of the papers on stability.
/ 7 0  \
Levy and Ambrose have shown that diphenyl sulphone (XII) 
decomposes to Benzene, sulphur dioxide and a polymeric residue at 
temperatures ^-470°. The reaction is first order and complies with 
the following scheme:-
@ - s°2— Q >  —  —  ^ + + polymer
(XII)
A
However 4,4,-dihydroxydiphenyl sulphone (XIII) decomposes at much
lower temperatures to give phenol, water, sulphur dioxide, carbon
dioxide and/or carbonyl sulphide and a polymeric material. These
results would indicate that the nature of the end group is important
in determining the stability of a poly(ether sulphone).
H  0-&5ctL-®'OH (XJf A)
/ y| \ / \
Three of the papers are mainly concerned with the gross
(35)effects of thermal decomposition at elevated temperatures. Davis 
however carried out a number of experiments at 38O0 and showed the 
effect on the physical properties. He showed that if Bakelite 
polysulphone (IV) was heated for long periods at 380°1 changes in 
the solution properties took place, ie changes in reduced viscosity 
and solubility occurred.
Hence at 380°, the volume of gas evolved (sulphur dioxide, methane, 
carbon monoxide, carbon dioxide and hydrogen) increased steadily with 
time. Initially the intrinsic viscosity of the polymer rose, until
after 3 hrs, insoluble gel was formed, the amount of which increased 
with time, while the intrinsic viscosity of the soluble fraction fell 
(ELg 3).
T
and
Gel
content
gel content
> time
Fig 3
____________ sontenl
heated at 380° (Davis1
Intrinsic viscosity and gel c t of Bakelite polysulphone
Tsv35)l
In addition to gaseous products indicated above, volatile liquid and solid 
products were formed. The major component was phenol with smaller 
amounts of various substituted aromatic ethers and phenols.
Reaction of the degraded polymer with diphenyl picryl hydrazyl (XIII) 
showed that active hydrogen containing
(XIII)
groups were formed during decomposition, the amount of which increased 
with time. These groups were thought to be hydroxyl groups. The 
mechanism proposed by Davis was similar to that of Hale, et al.
(39)Davis, et al have also studied the breakdown of Bakelite 
Polysulphone (IV) under irradiation and found very similar results 
to the above, ie the intrinsic viscosity rose up to a certain dose 
and then gel appeared, whereafter the amount of gel increased and 
the intrinsic viscosity of the soluble portion fell (Fig 4).
Dl3
gel
content
dose (mrads)
Intrinsic viscosity and gel content of Bakelite polysulphone 
~ irradiated with electrons. (Davis et al(39))
Treatment of the irradiated polymer with diphenyl picryl hydrazyl
(XIII) showed increasing amounts of active hydrogen and the gaseous 
products (hydrogen, methane, sulphur dioxide, carbon dioxide) were 
also similar to those evolved during thermal treatment.
The mechanism suggested is also similar and the primary decompositions 
proposed are
-0-SQr-0-
CH^
~ 0 _  1 ~ 0 ~
ch3
OH.
•OH
The mechanism for the breakdown of the ether group is supported by
detection of similar products in the breakdown of diphenyl carbonate
(40)(XIV) under electron or UV irradiation •
Q - 0 . ~  co —
(XIV)
Q« + 00
V  + co2 + . 0 - 0
2  O - o
HO
0 + 0 -  o - Q - OH
° . — , O H 0 _ O
OH
v H  + OH
Although irradiation effects appear to be very similar to thermal
(3 9)
degradation they do differ in some respects. For example, Davis
et al show that irradiation of diphenyl sulphone leads to the formation
of sulphur dioxide and biphenyl with some by-products whereas Levy & 
(35)Ambrose were unable to detect biphenyl during the thermal breakdown 
of diphenyl sulphone.
20
SOg— --- -— ^ SO^ + * others
/
0-0S02 ■+■ + others
However the irradiation products do offer an insight into the process 
occurring during thermal breakdown. It is possible that in the thermal 
decomposition of diphenyl sulphone the initial products are the phenyl 
sulphonyl radical and the benzene radical whereas irradiation immediately 
forms sulphur dioxide and two phenyl radicals.
^ o + SO
%
f y So2.
slow
sk1
polymer
fast
14 The stability of ICI polysulphone (V)
Very little work has been done on the thermal stability of ICI
(33)polysulphone, Hale et al give some thermogravimetric results 
indicating weight losses starting at about 450-500°• They also give 
some data for related model compounds heated at 400° (Table II).
TABLE II
Thermal stability of model compounds at 400°^^
Compound Time at 400° Atmosphere iwt loss M Pt-5
Q-°-
<D-°-
O M > ° -O
O
3
5 hr 
5 hr
n2
air
N2
0.19
4.04
0.2
..... 1
140.141.1421
113.121.133
213.219.2302
1 3Original M Pt = 141-142 M Pt shows initial shrinkage -
2 „ „ „ _ 225 229 233 initial liquid - complete liquid
temperatures
These results indicate that ICI poly(ether sulphone) (V) should be very 
stable at 400° in the absence of air.
Jarret^1  ^has made some irradiation studies of polysulphone (V). He 
irradiated samples of film with ^-radiation at room temperature and then 
heated the films above the glass transition temperature (230°). During 
the initial irradiation, formation of aryl sulphonyl (XVI) and two other 
free radicals were detected by electron spin resonance. The aryl sulphonyl 
radical (XV) is stable for up to 3 months but the other two decay quickly
— S02* (XV)
The radicals are trapped in the polymer because of their low mobility in 
the ‘glassy1 polymer, but on heating above the glass transition temperature 
their increased mobility allows them to react.
On reaction, the reduced viscosity increases and if the initial dose
was above a certain value cross-linked (gel) material is formed. If
dif-ectUj
however the irradiated polymer is dissolved^in dimethyl formamide the 
reduced viscosity falls (Table III),
TABLE III
Irradiation of poly(ether sulphone) (V)
Initial reduced viscosity = 0,57 (1# soln. in dimethyl formamide)
Dose (m rads)
50
100
150 
250
RV in solution
O.56
0.49
0.46
0.30
RV after heating 
at 260°/l4 hrs
0.61
0.64 
cross linked
t! It
The presence of ortho-substitution was detected by nuclear magnetic 
resonance in film which had been given a large dose of radiation. 
Sulphur dioxide was among the gases evolved.
A possible mechanism is :-
heat 
"above Tg
(CONTINUED)
dissolve
- o -
S02H + H
reduced molecular 
weight
or ~*jO -  sos
etc
Increased molecular weight 
crosslinking
The changes in molecular weight were confirmed by gel permeation 
chromatography.
The aim of the work
The initial part of the work was to establish an empirical relationship 
between reduced viscosity and number average molecular weight for 
poly(ether sulphone) (V).
Characterized polymers could then be prepared and the thermal stability 
studied. These stability studies were carried out on a ram extruder 
(Fig 5) which allows the continuous monitoring of the polymer under 
study. The effect of end groups on the stability and the mechanisms 
involved were studied.
24
I±£Ll
Ram Extruder
pressure gauge
piston moving at constant speed
close fitting piston
heated barrel
i polymer sample
die
Pressure ct melt viscosity
PART 2 DETERMINATION OF THE RELATIONSHIP BETWEEN NUMBER AVERAGE DEGREE
OF POLYMERISATION (DP) AND THE REDUCED VISCOSITY FOR POLY(PHENYLENE 
ETHER SULPHONE) (V)
1 Preparation of starting materials
The starting materials required are 4,4'-difluorodiphenyl sulphone (XVII), 
the potassium salt of 4-fluoro-4*-hydroxydiphenyl sulphone (XVI), which is 
prepared from 4-fluoro-4'-hydroxydiphenyl sulphone, (XIX) and the bis­
pot assium salt of 4,4'-dihydroxydiphenyl sulphone (XVIII) prepared from 
4,4'-dihydroxydiphenyl sulphone (XX).
4,4'-difluorodiphenyl sulphone (XVII) was prepared according to reactions
XVII
The material was purified by crystallization from ethanol.
4,-fluoro-4'-hydroxydiphenyl sulphone (XIX) was prepared by hydrolysis of 
4,4*-difluorodiphenyl sulphone (XVII) with potassium hydroxide in dimethyl 
sulphoxide. The resulting solution was acidified and the crude product 
isolated (Reaction 9)«
9 ♦ 2KDH.
(*95%)
(XIX)
An extremely pure material is essential for the production of high molecular 
weight polymers, hence the crude material was rigorously purified before use.
4,4* -dihydroxydiphenyl sulphone (XX) is commercially available and was 
purified by crystallization.
2 Conversion of the Phenols to their potassium salts
It is essential that the potassium salts of 4-fluoro-4'-hydroxydiphenyl 
sulphone (XVI) and 4,4'-dihydroxydiphenyl sulphone (XVIII) are pure and do 
not contain an excess of potassium hydroxide or unconverted hydroxyl groups, 
and so for this reason the following procedure was adopted. A sample of 
the phenol to be converted was titrated potentiometrically with methanolic 
ca. 4N potassium hydroxide and the exact equivalence found. The salt was 
then prepared in solution by mixing the calculated quantities of the phenol 
and the potassium hydroxide solution. The solution was then evaporated to 
dryness (rotary evaporator)and the solid broken up. At this stage the 
salt is in the form of a hydrate, the fianl conversion to an anhydrous 
product was carried out in a drying pistol at 120° under less than 0.01 mm 
pressure.
3 Purification of solvents for polymerisation
The preferred solvent for the polymerisation is sulpholane(tetrahydrothiophene 
1,1-dioxide) (IX)
Initially sulpholane, (ex Koch-Light), was purified by repeated vacuum 
distillation from sodium hydroxide pellets. Up to 6 distillations were 
required to achieve the required purity, which was determined by freezing point. 
(See Table 4). As sulpholane is a solid, mpt = 28°, it was stored at 60° so 
as to be readily available for use. If the purity was not high enough, 
the material would turn yeliow after several days storage.
Later a far quicker and better method of purification was discovered. The 
crude sulpholane was stirred at 210° for 24 hrs under a fast stream of 
nitrogen in the presence of small amounts of poly(phenylene ether sulphone)
(V) and potassium fluoride. The nitrogen stream removed most of the volatile 
impurities and the remaining impurities reacted with the polymer/potassium 
fluoride. The treated material was then vacuum distilled to give very 
pure sulpholane (Table 4). This material could be stored for many months 
without change.
Table 4
Freezing point of sulpholane 
Method of purification Freezing point (°C)
Once distilled from NaOH pellets 2?.80-27*50
Three distillations from NaOH pellets 28.10-27.90
Treated at 210° with polymer/KF 28.69
The other solvent occasionally used was dimethyl sulphone which was 
purified by distillation and recrystallization.
4 Polymerisation techniques
The general method used was to polymerise a 30-40# solution of the potassium 
salt of 4-fluoro-4' -hydroxydiphenyl sulphone at 180-200° under nitrogen 
for 3-24 hrs.
ITo test the purity of the potassium salt of 4-fluoro-4 -hydroxydiphenyl
sulphone, the potassium salt was heated under vacuum without solvent at 
280° for 45 minutes. This minimizes the effects of cleavage by potassium 
fluoride and from the reduced viscosity of the resulting polymer an 
estimate of the quality of the salt can be made. The reduced viscosity 
of the polymer should be greater than 1.8.
5 Measurement of reduced viscosity
The reduced viscosity (RV) was measured on a 1% w/v solution of the polymer 
in N,N-dimethyl formamide (XXI) at 25-00° using an Oswald capillary U tube 
viscometer
Full details of all preparations, polymerizations etc. can be found in 
the experimental section.
6 The use of 4,4'-difluorodiphenyl sulphone (XVII) and the bis potassium 
salt of 4,4'-dihydroxydiphenyl sulphone (XVII) to control the molecular 
weight of poly(phenylene ether sulphone) (V)
(XXI)
Then t = flow time for pure solvento
t = flow time for solution
s
c = concentration (g/100ml)
o
The polymerisation of the potassium salt of 4-fluoro-4'-hydroxydiphenyl 
sulphone (XVI) (Rn 10) has special characteristics which make it amenable 
to a theoretical treatment.
10 n K O -(r^SO^(/~^rF + n KF
n
To summarize:
(i) The reaction goes cleanly to high conversions 
(ii) An equilibrium exists and as none of the products are volatile, 
the equilibrium can be accounted for in the calculation.
Therefore it is possible to calculate the number average degree of 
polymerisation (DP) for any polymer which has the molecular weight 
controlled by the addition of either 4,4' -difluorodiphenyl sulphone (XVII) 
or the bispotassium salt of 4,4*-dihydroxydiphenyl sulphone (XVIII) provided 
that the reaction goes to completion. (Rns 11 and 12).
Thus by altering the stoichiometry, polymers of any required degree of 
polymerisation can be made provided it is within the limits imposed by the 
cleavage reaction.
7 Derivation of the relationship between the number average degree of
11 n
+ n KF
n
12
iK + n KF
n
polymerisation (DP) and the amount of added bifunctional end stopping 
agent
Consider the reaction
11 n F >K ' + F F
F F + nKF
n
If the reaction goes to completion 
DP = n + 1
Let all concentrations be expressed in mole per cent. (All concentrations 
will be expressed relative to each other component and not to the initial 
concentration in the solvent which is constant for all experiments),
1 + n 
but n + 1 = DP
100 x =  _____
DP
DP = 100
A similar calculation can be made when the molecular weight control agent 
is the bis potassium salt of 4,4’-dihydroxydiphenyl sulphone (XVIII).
An arbitrary convention was adopted whereby added 4,4 ’-difluorodiphenyl 
sulphone is positive ie. +x, and added bis potassium salt of 4,4’-dihydroxy' 
diphenyl sulphone is negative, ie. -x. This allows continuous graphical 
plots to be made and facilitates calculations.
then moles F'
J \V“F + mole fsj ^moles
100x
1
X
8 Use of the equations
The Mark Houwink equation relates intrinsic viscosity to the molecular weight 
(see introduction).
[^1 = n ^ ’a = cons^an^s
since M^ ^ = molecular weight of
M
repeat unit
Then [f£] = K(DP)a .......... . . .  2
Substituting 1 into 2 , and using RV instead of [ ^  ] 
RV = K(“ ^ )  . . . . . . . .  3
Taking logs
log RV = log K + a log  4
Thus a plot of log RV versus log chould be a straight line, slope
a, intercept log K.
9 Calculation of K and a from the experimental data
When the experiments were carried out, it was found that the position of 
maximum reduced viscosity was not at zero mole per cent additive but 
at some other value, A (Fig 6)
Fig 6
Position of maximum reduced viscosity as found experimentally
expected found
+ XA0-X
(mole % added
K< >K)
(mole % added^
f)
The value of A could be determined graphically and the calculation adjusted 
to allow for this.
If A is the position of maximum reduced viscosity and x is the amount of 
molecular weight control agent added,
then true amount added = (x-A)
(where x and A have the same sign convention as adopted above), since at 
the position of maximum reduced viscosity the numbers of fluorine and 
phenate end groups are equal.
Then modifying equations 1 and 4 accordingly:-
100DP =
(x-A)
log RV = log K + a log 100
(x - A)
10 Results
The experiments were usually carried out in batches of five or six at 
a time, each batch being treated as an individual case. Thus for each set 
of experiments the position of maximum reduced viscosity (A) was determined 
graphically from the plot of x versus reduced viscosity using the fact that
the points should be symmetrical about the position of maximum reduced
viscosity. (Table 5» Graphs 1 to ?)• The values of log RV and log 100
fx-A)
were calculated (Table 5) and a graph of log RV versus log 100 made
x-A
for all points (Graph 8). The graph was linear up to reduced viscosities 
of about 0*8 but above this the points deviated from the straight line. 
From the straight line portion of the graph; the values of K and a were 
determined as 0.0232 and 0.663 respectively.
The relationship between reduced viscosity (RV) and number average degree 
of polymerisation (DP) is therefore
(continued ... )
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11 Derivation of equations
The above results were obtained using a simple equation (Equation 3) 
which does not allow for the cleavage reaction. Equation (3) is 
satisfactory for reduced viscosities up to 0.8 but above this breaks down.
However if an equilibrium of the type shown in Reaction 13 occurs then 
DP ^  n + 1.
Equilibrium constant, K
C ”ok1 [f}
if the work is carried out at 6 fixed monomer concentration, then as 
potassium fluoride is only slightly soluble
jKFj = constant = k 
K' _ k /ether)
k f X j f  F]
when no 4,4’-difluorodiphenyl sulphone is present the end groups will 
be in balance and the degree of polymerisation will be the maximum 
obtainable (DPm)
[ - « ]  = [-3
Expressing all concentrations in mole %
(i) Ether, there are (DPm-1) ether links per DPm 
repeat units
mole % ether links = 100 (DPm-1)
\  J. X  /  X W U. jyitJ ) JL V. IX X W «— Nm’ JXV* £}X V/ X
DPm repeat units
,\ mole * end groups = § 2
but [-OK] = [-F]
mole % -F = mole % - OK = — 2, 
‘ v DPm
substituting into equation (9)
100 (DPm-1)
K =
DPm DPm (DPm-1) . . . (10)
? 100
100
DPm^
Now consider the situation with x mole % added 4,4\-difluorodiphenyl 
sulphone.
Let amount of cleavage of ether links be y mole % and the degree of 
polymerisation be DP.
100(DP-1)
then mole % ether links
DP
mole % -F ends = 2x + y
mole % -OK ends = y
since each cleavage introduces 1 OK end and 1F end, 
Substituting into equation (9)
100 (DP-1) 
J\ —.................................
DP
(2x + y) y
Rearranging
100 (DP-1) 
Ky + 2xyK - Dp
This is a quadratic in y ; solving for y, we obtain
y = -2xK + J ax2¥? + ' 4.K. 100 (DP-1)
DP
2K
-x + y x 2 + 100 (DP-1)
K. DP
But DP = 100. = 10Q = m
i (mole % ends) , (2* + 2y) x + y
Substituting (11) into (12)
100
DP . =  :-----■--- -
x - x + Jx2 + 100 (DP-1)
K.DP
100 _______
  ( + ve root only)
fx2 + 100 (DP-1) . . . . .  (13)
v K.DP
Rearranging and simplifying
DP2 (^2 + 100^- DP ^ 100^ - 100
This is a quadratic in DP, solving for DP
2 = 0
DP = ^22 + / -2|2 + 4 . 1002. (x2 + 100 )
K ~ J  k2 ~ r
2 ^ x2 + 100 \
Using equation (10)
100 100
K DPm(DPm-T)
(15)
. (11)
. (12)
. . . (14)
d l l U .  O U U O l l ^ u i / i u g  c ^ u u u j . w i  \  i  y r  . » . * *  » * w  w v j .
DP
100 100
DPm(DPm-l) DPm(DPm-l)
+ 4*100 .
100
DPm(DPm-1)
+ x
■
100
DPm(DPm-1) _
+ x
 (16)
When x = o, DP = DPm and so to determine which root should be used 
and to check the equation, the substitution x = o is made.
Then
DP = 100
-f
DPm(DPm-1) / Pm(DPm-l)
100 + 4 a100 *
100
DPm(DPm-1)
| »««i'»wiaiuiiLaniiiim>i—■i n i —iun w m hwi i h^ iiw min i
= 4 ±  J i + DPm (DPm-1)
~ i ±  J (DPm - -J)2
= \ +_ (DPm — -J)
Taking the + ve root,
DP = DPm
100
DPm(DPm-1)
The equation is therefore valid if the + ve root is taken,
DP 100 f f 1002 V  . ™ 2 / 100-
DPm(DPm-1) DPm(DPm-1),
+ 4.100 i + x
tf)Pm(DPm-1)
I 100'
\ DPm(DPm-1)
+ K
(17)
12 Simplified Form of Equation 17
A simpler solution is available directly from equation (13)• if the 
following approximations are used.
If DP is large then DP-1 »  DP . . . .  . (1.8) 
and DPm-1 ^  DPm . . . . (19)
Whence Equation 13* on substituting for K, becomes
100
DP =
A  / iooIcdp-i) \ . (20)
v  \DPm(DPm-1) DP/
Substituting che approximations (18) and (19) into equation (20)
DP 100
/ 2 2 x + 100
DPm2
(21)
This can be checked by putting x = o, when DP should equal DPm. 
Equation (21) becomes DP = 100
I
- DPm as expected
100
DPm2
If allowance is made for a displaced position of maximum reduced viscosity 
as before the equations become:
DP
J
100
/■ an2 100(x-A) +  ,
DPm*
(22)
and
DP =
100100 
DPm(DPm-1)
100 + (x-A)
+ 4.100 DPm(DPm-l)
DPm(DPm-1)
(23)
22 100
DPm(DPm-1)
Equations (22) and (23) cannot be used to calculate K and a in the 
Mark-Houwink equation because they contain a further unknown DPm.
Since by substituting equation (21) into equation (2)
»i  . ;
/ 2 100 /
J x  + DPm2
(24)
Then taking logs
log RV = log K + a log(
DPm
Therefore a plot of log RV versus log / 100 )
>/ x + 100 
DPm2
Should be a straight line slope a, intercept, log K
Fbut as DPm is unknown*the term 1002DPm
cannot be evaluated.
Therefore the constants K and a in the Mark-Houwink equation have to be 
derived from the simple equation where no allowance is made for 
cleavage by potassium fluoride.
13 Checking of formula and Results
(a) The use of simplified equations
Equation (21) is a simplified form of equation (17) obtained by making 
some approximations. To determine whether the use of the simpler 
equation was justified^ both equations were used to calculate DP for 
several values of x and these values were compared. (Table 6). The value of 
DPm was calculated from the maximum reduced viscosity (RVm), using equation (8)
i.e. DPm = 292 RVm 1#508
The value RVm = 1.38 was chosen as a typical results (see Table 7)*
It can be seen that there is no significant difference between the two 
results and therefore the equations (21) and (22) can be used for
10q2
calculations. Consider equation (21). If DPm is large, then jjp|Jj2
will be small and if x^ then DP‘,"W'-^^ , which is the formula
DPm*1 x ’
originally used to calculate K and a in the Mark-Houwink equation. This
simple equation holds for reduced viscosities up to about 0.8
(E Degree of polymerisation of*^200 and values of x of about 0..5)
(see earlier and graph 8), above which significant deviations occur.
100 100Therefore the values of-*-- and ■■— ■■■_______  were calculated and compared -
j x2 + 10?
v DPm2"
see Table 6 - from which it can be seen that at the levels indicated the
difference between the results given by the two equations is of the order 
of 8%..
Thus the use of equation (4) to derive the values of K and a in the Mark- 
Houwink equation by taking the straight line portion is reasonable under 
the conditions used.
Comparison of equations (3)» (7)» and (21) 
RVm = 1.38 DPm = 474.6
Degree of polymerisation (DP)
X
Equation (17) 
(full equation)
Equation (21)
DP = . J00
f 2 1002
\lx + DPm^
Equation (3) 
DP = 100
X
0 474.6 474.6 <x>
0.2 344.3 344.3 500
0.4 221.2 221.2 . 250
0.5 184.4 184. 4* 2005
0.6 157.3 157.3 166.7
0.8 120.9 120.9 125.0
1.0 97.9 97.9 •100.0
1.4 70.6 . 70.6 71.4
1.8 55.2 : 55-2 55.6
2.2 45.3 45.2 45.5
'3.0 33.3 33.3 33.3
4 .0 25.0 25.0 25.0
* RV = 0.74 RV = 0.78 from equation (7)
(b) Checking equation (22)
Since the maximum number average degree of polymerisation (DPm) can 
be calculated using equation (8) from the maximum reduced viscosity, 
the value, of
100
(x-A)2 + 1002 
DPm2
was calculated for each set of experiments using the experimental value 
of RVm and a plot of log RV versus log
100
I
(x-A)2 + 1002 
DPm2
was made. (Table 7i Graph 9)»
Recalculation of results using equation (23)
Exp No Max RV from 
graph
(X-A) 100 log 100
/(X-A)2 + 1002 
>/ DPm2
K X - A )2 + 1002
V  DPm2
1 1.35 • 0.93 104.7 2.0200
0.02 457.2 2.6601
0.40 219.6 2.3416
1.34 73.7 1.8673
2 1.50 0.73 132.8 2.1232
0.04 526.1 2.72IO
0.48 194.3 2.2885
1.74 57.2 1.7579
3 1.51 0.40 217.2 2.3369
0.21 322.7 2.5087
0.00 438.8. 2.6423
0.19 337.0 2.5276
0.39 221.4 2.3452
0.60 155.8 2.1925
4 2.87 0.00 1432 3.1554
0.25 385 2.5855
0.50 198 2.2967
0.75 . 133 2.1239
1.00 100 2.0000
1.23 81 1.9085
.5 1.78 0.00 697 2.8432
0.40 235 2.3711 •
0.79 125 2.0969
1.19 83 1.9191
1.58 63 1.7993
1.96 51 1.7056
6 1.37 ■ 0.00 469 2.6712
0.20 342 2.5340
0.41 216 2.3345
0.60 157 2.1959
0.80 121 2.0828
1.00 98 1.9912
7 3-00 O .58 171.3 2.2337
0.16 578.6 2.7624
0.20 475.3 2.6770
0.60 165.7 2.2193
O .96 103.9 2.0165
1.41 70.9 1.8503
T A B U i  /  U U 1 N J L /  . . . .
Exp No Max RV from 
graph
(X-A) 100 log 100
[ (X-A)2 + 1002
V Dffi
/(X-A)2 + 1002 
s( DPm2
8 1.38 0.83 116.8 2.0675
0.34 250.0 2.3979
0.16 378.0 2.5775
0.41 216.9 2.3363
0.66 144.3 2.1593
1.15 85.3 1.9322
9 ? No correction applied, results in Table 5 stand (1)
10 1.50 1.21 ' 81.7 1.9121
0.72 ■134.5 2.1287
0.20 366.3 2.5640
0.11 463.1 2.6657
0.31 276.7 2.4420
.
0.84 116.2 2.0653
11 ? No correction applied results in Table 5 stand (1)
12 9 No correction applied results in Table 3 stand (1)
Footnotes
(1) RVm cannot be determined but all results are in the region 
where (X-A)2^  .1002
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All the points now lie near to the line obtained from the original 
results (Graph 8), which indicates
(a) that the values of K & a are correct
(b) that equation (22) is valid
Another way of checking equation (22) is to calculate the theoretical 
reduced viscosity versus mole % of added chain terminating agent and to 
compare these with the experimental results. (Table 8, Graph 10) A
figure for the maximum reduced viscosity of 1*38 .was chosen as an average
value for the majority of experiments (Exps 1, 2, 3* 6* 8 and 10, Table 5)»
The results from these experiments were then plotted on the same graph,
allowing for the displaced position of maximum reduced viscosity.
The full equation used, derived from equations (23), (7) and (8) is
0.663
RV = 0.0232
100
100
(292 RVm 1-508 )2
. . . .(26)
The results show good agreement with the calculated results.
(c) End group analysis
Certain low molecular weight samples with two fluorine end groups were 
analysed for fluorine content and the degree of polymerisation calculated by
dp -  2 2 °% T
The results were close to the calculated result (Table 9)« The degrees 
of polymerisation examined were those within the accuracy limit of the 
analysis (see Experimental Section).
TABLE 8
Calculated relationship between reduced viscosity (RV) and mole % added 
chain terminating agent (X-A) using equation (26) RVm = 1.38
i (X-A) RV i (X-A) RV
0.00 1.380 0.90 0.518
0.02 1.376 0.95 0.500
0.04 1.364 1.00 0.484
0.06 1.345 1.05 0.470
0.08 1.320 1.10 0.456
0.10 1.290 1.15 0.443
0.12 1.257 1*20 0.431
0.14 1.222 1.25 0.420
0.16 1.187 1.30 0.409
0.18 1.151
0.20 1.115 1.35 0.400
0.25 1.031 1.40 0.390
0.30 0.956 1.45 O.38I
0.35 0.890 1.50 0.373
0.40 0.832 1.55 0.365
0.45 0.781 1.60 0.358
0.50 0.737 1.65 0.351
0.55 O.698 1.70 0.344
0.60 0.663 1.75 0.338
0.65 0.633 1.80 0.331
0.70 0.605 1.85 0.325
0.75 0.580 1.90 0.320
0.80 0.557 1.95 0.314
0.85 0.537 2.00 0.309
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TABLE 9
1% _  ' Dp 
Rv ]2^°c in DMF Calculated DP. Found by F analysis
(a) (b)
From added „From
F - © - S ° 2 ^ “F RV
0 . 1 0 5  1 1 . 3  1 0 . 0  1 1 . 1
0.164 15.8 19.0 17.3
0 . 1 6 8  2 1 . 3  2 0 . 0  2 3 . 6
0.206 21.5 26 23.4
0 . 3 0 6  42.1 48 42.7
14 The cause of the displaced position of maximum reduced viscosity
The position of maximum reduced viscosity should be located where no 
chain terminating agent is added, but in practice it is located at some
other value.
The fact that the formulae can be modified to allow for this displacement 
without losing their validity suggests that the cause of the displacement 
is due to there being an imbalance of fluorine and phenolate end groups 
in the starting material (the potassium salt of 4 -fluoro-4’-hydroxy 
diphenyl sulphone) or that an imbalance is produced during the course of 
the reaction.
Examination of the starting material, 4-fluoro-4'-hydroxy diphenyl sulphone, 
using infra-red and nuclear magnetic resonance spectroscopy and mass 
spectrometry indicated that the starting material was pure. However, 
as the amount of impurity is small and may also have the same functional 
groups as the starting material its presence may not be detected.
The likeliest impurities are 4,4'-difluorodiphenyl sulphone (XVII) 
or 4,4*-dihydroxydiphenyl sulphone (XX) which are formed during the 
preparation of 4 - fluoro-4’-hydroxydiphenyl sulphone (XIX) (Reaction 14).
14
DMSO/6O0
\ ! /
F- r-OK]
93% ^h%
)
(XIX) (XVII) (XX)
These impurities, because they are structurally and chemically very 
similar to the major product could easily be carried through the 
purification.
Estimations of the purity of 4-fluoro-4'-hydroxydiphenyl sulphone 
with standard base gave the purity as 100-100.5$ which may indicate the 
presense of 4,4'-dihydroxydiphenyl sulphone (XX) in the samples.
In all but one of the experiments the position of maximum reduced 
viscosity indicated that an excess of hydroxyl ends was indeed present. 
Another indication that the cause of the shifted position of maximum 
reduced viscosity is due to an impurity is that the position of maximum 
reduced viscosity is almost constant for each batch of starting material 
(Table 10).
TABLE 10
Position of maximum reduced viscosity for various batches of 4-fluoro-4'•
hydroxydiphenyl sulphone
Batch No of 4-fluoro- 
4 1-hydroxydiphenyl 
sulphone
Exp in Table 5 Position of max RV
1 1 +0.40
2 +0.48
3 +0.40
9 +0.40
2 4 +0.00
5 +0.00
6 +0.00
7 +0.081
3 8 -0.16
4 10 0.20
Corrected (see below)
Another possible cause of the displaced maximum is that in the preparation 
of the potassium salt of 4-fluoro-41- hydroxydiphenyl sulphone excess ,
potassium hydroxide is added. Then on polymerisation, the excess base 
reacts to produce the bis potassium salt of 4,4'-dihydroxy diphenyl . 
sulphone, which upsets the balance of fluorine and phenolate end groups (Rn 15)*
To test this, 2 samples of the potassium salt of 4-fluoro-41-hydroxydiphenyl 
sulphone were prepared, one using the correct amount of potassium hydroxide 
and the second containing 1 mole per cent excess of potassium hydroxide.
The balance point was determined for each sample (Experiments 6 and 7» Table 
5) and found to be 0.00 mole % and + O.58 mole % respectively. Thus the 
excess potassium hydroxide had shifted the position of maximum reduced 
viscosity by O.58 mole %. close to that required by the stoichiometry 
of the reaction (that is 0.5 mole %) (Reaction 15)* This would indicate 
that the neutralization of 4-fluoro-41-hydroxydiphenyl sulphone can be 
carried out fairly accurately.
From these results it would appear likely that the cause of the displaced 
maximum is due to impurities such as 4,41-difluorodiphenyl sulphone 
(when the position of maximum reduced viscosity lies on the side of added 
bis-potassium salt of 4,4*-dihydroxydiphenyl sulphone) or 4,4'-dihydroxy 
diphenyl sulphone (when maximum reduced viscosity lies on the side of 
added 4,4'-difluorodiphenyl sulphone) present in the 4-fluoro-4'-hydroxy 
diphenyl sulphone.
If this is the cause then:-
(i) The position of maximum reduced viscosity would tend to vary with
the batch of starting material rather than from experiment to experiment.
+ 2K0H — > iK + KF
(ii)
(iii)
The calculations made will after adjustment, still hold.
When the impurity is 4,4’-dihydroxydiphenyl sulphone, estimates 
of the purity of 4-fluoro-4'-hydroxydiphenyl sulphone will be 
greater than 100?o.
It has been shown that these conditions are found in practice.
PART 3 OSMOMETRY AND GEL PERMEATION CHROMATOGRAPHY OF POLY(PHENYLENE 
ETHER SULPHONE) (V) ' '
1 Osmometry of poly(phenylene ether sulphone) (V)
Osmometric measurements of the number average molecular weight of poly 
(phenylene ether sulphone) (V) were carried out by Mr D L Clarke of ICI 
Limited using a Mechro lab 300 series, high speed membrane osmometer with 
a sylvania gel cellophane membrane. The solvent used was dimethyl 
formamide. The results are shown in Table 11, together with the number 
average molecular weight calculated from the reduced viscosity from 
equation (2 7 )
DP '= 292RV 1-5°8
Since M • pp = Mn Mo = molecular weight of
a repeat unit
O  = 232
Mn = 232 x 292 RV1-508
Mn = 67744 RV1 * 5 0 8  (2 7)
The majority of the samples showed permeation of the membrane which 
indicates that low molecular weight material is present. (The samples 
were washed with water only, so as not to remove any low molecular weight 
species which are known to be soluble in organic solvents.) In a few cases 
the permeation was extremely rapid and a very low result was obtained. It 
was thought that these samples might contain residual solvent. Therefore 
the samples were washed with methanol and the number average molecular 
weight remeasured. The results were then normal, though somewhat high, 
probably due to the methanol having removed some of the low molecular 
weight species present. This is probable as these samples did not permeate 
the membrane after being rewashed
TABLE 11
Osmometric data for poly(phenylene ether sulphone)
RV in DMF 
25°
0.09-0.37
0.45
0.48
0.50
0.54
0.61
0.61
0.64
0.68
0.72
0.72
O.83
0.86
0.92
0.99
1.07
1.31
■1.39
2.87
3-56
Calculated mn
using equation(l9) 
1792-15119 
20312 
22380 
23810 
26741 
32138 
32138 
34552 
37860
41269
41269
51139
53953
59730
66716
75011
101784
111303
332183
439008
mn by 
osmometry
Too low to measure 
220001
23000
259001
252001
279001
336001
345001
26,'OOOf
49,500:
430001
270002
536001
41200
527001
300002
70900^
709001
839001
124.000
354.000
206.000
NOTES 1 Permeate membrane
2 Very rapid permeation
3 Value after washing with methanol
The osmometric results therefore are not sufficiently reliable to 
give the reduced viscosity - molecular weight relationship but are 
consistent with the relationship derived previously.
2 Gel permeation chromatography of poly(phenylene ether sulphone) (V)
To find out about the molecular weight distribution of poly(phenylene 
ether sulphone) (V) samples were examined by gel permeation chromatography 
(GPC). The chromatography was carried out by Dr I D Mackenzie and Mr A 
Titterton of ICI Limited using an ICI design of gel permeation chromatograph. 
The stainless steel columns were packed with cross-linked polystyrene 
gel (Styrogel from Waters Associates). Initially a general column set 
was used which separates molecular weights from 100 to 108 (polystyrene
standards) and the samples showed binodal distribution. Another set of
5
columns with a maximum resolving power at a molecular weight of 10',
(which is the apparent molecular weight of the node) were then used.
The solvent was dimethyl formamide and the chromatograms were run at 80° 
to reduce the pressure drop across the column. A differential refractome ter 
was used as a detector and the results normalized so that the total area 
under each chromatogram was constant throughout.
Calibration for molecular weight
The usual method used to calibrate a chromatograph for molecular weight 
calculations is to run a series of monodisperse samples of the polymer 
under study. The molecular weight of each sample is known and the 
chromatograph can then be calibrated for the polymer and conditions used. 
However no such standards are available for poly(phenylene ether sulphone)
(V) and an at^olute calibration could not be carried out. Polystyrene 
standards were run under the same conditions to give the apparent 
molecular weights mentioned previously. It should be noted that the 
linearscale of elution volume is related logarithmically to the molecular 
weight.
The molecular weight distribution in poly(phenylene ether sulphone) V 
The chromatograms showed poly(phenylene ether sulphone)to have a binodal 
distribution. Graph 11 shov/s a typical result. The binodal distribution 
was found for all samples that were run including samples of other 
polysulphones, for example, poly(m,£ - phenylene ether sulphone) (XXII), 
poly (o,p - phenylene ether sulphone) (XXIII) and Union Carbide’s 
polysulphone (IV) all prepared by the nucleophilic route.
n
XXII
0________
n
XXIII
CH.
(IV)
The secondary distribution appeared to have a very high apparent 
molecular weight (^10^), the amount of which increased with increasing 
reduced viscosity. (Table 12 Graph 12).
There is no apparent thermodynamic or kinetic reason why this sort of
distribution should arise and it seems improbable that such a distribution
could be accounted for by the normal polycondensation reaction. There 
is no evidence for high molecular weight species from light scattering 
experiments^4-^• Therefore some other effect must be causing the
binodal distribution. There are two possible causes:-
rap h  paper
m . 5 m m . 1 0 m m
5 0 0 5
TABLE 12
Gel permeation chromatography results
Structure
CH.
3
RV in DMF 
23°
0.09
0.16
0.23
0.32
0.34
0.37
0.43
0.50
0.50
0.53
0.54
0.61
0.64
0.68
O.69
0.72
0.74
0.92
0.99
1.07
1.31
1.-39 
2.87
0.38
0.42
0.45
% polymer with ^
apparent high mol.wt.
0
0.3
2.1
4.9
14.4 
3-6 
7.2 
2.8 
3-4 
7-6
5.9 
19.2
7-4
4.7
5-2
30.3
9-2
14.2
28.5
8.8
13.7 
19-3
24.1
2.2
2.7
3.2
HSO,
0.74 7.0
0.3n
HSO 0.30
—* 0.3n
9-3
 ^ Estimated from the relative areas of the two peaks.
ca
O-
CM
(ai) Instrument error
This is unlikely since the effect is shown on two different sets of columns 
and is reproducible. The polystyrene standards run under the same conditions 
do not show this effect.
(b) Branching in the poly(ether sulphone) samples
Gel permeation chromatography separates molecules according to their 
molecular volumes rather than their molecular weight, thus if for some 
reason a proportion of the molecules have a large molecular volume then 
these particular molecules would appear to have a much higher molecular 
weight, and so would give the binodal distribution.
A possible cause of an increased molecular volume is branching because Q. 
branched polysulphone molecule possibly has a larger molecular volume 
than an unbranched molecule of similar molecular weight. The amounts of 
branching involved would be very small. A rough estimate can be made from 
the following calculation.
Consider a sample which contains linear and branched polymer each having 
the same number average molecular weight and let each branched molecule 
contain only one branch point.
Then
moles of branch polymer = moles of branch points
= Wb~  Wb = weight of branched
Mn polymer
Total no of moles of repeat unit = Wt Wt - total weight
Mo
Mo = molecular weight of 
repeat unit
Wb
mole % branch points = —
x 100
WD
but Wt X = we^Sht % of branch polymer (x)
^ mole % branch points = x x Mo
Mn
since Mn = DP
Mo
X•( mole % branch points = —  ■ ,
DP * ' ’ * “ * * dC>)
or x = mole % branch points x DP •  ........ (29)
Therefore using these approximate equations, some idea of the amount of 
branching can be calculated. These equations also show that the weight 
per cent of branched polymer will increase with increasing molecular weight 
even though the mole percent of branch points remains constant (Table 13)«
TABLE 13
Weight per cent branch polymer with increasing molecular weight 
mole % branch point = 0.05
DP weight % branch polymer (Eq 29)
100 0.49 5/
200 O.78 10
300 1.02 15
400 1.23 20
300 1.43 25
If equation 28 is applied to the polymers listed in Table 12, the 
approximate mole % branching can be calculated (Table 14).
TABLE 14
Mole % branch points in polyCphenylene ether sulphone) (V)
Reduced viscosity
Degree of 
polymerisation
% branched Mole % 
polymer branch points
0.09 7.7 0 -
0.16 18.4 0.3 0.016
0.23 31.8 2.1 0.066
0.32 52.4 4.9 0.094
O.34 57.4 14.4 O.251
0.37 65.2 3-6 0.055
0.45 87.6 7-2 0.082
0.50 102.6 2.8 0.027
0.50 102.6 3-4 0.033
0.33 112.1 7.6 0.068
0.54 115.3 5.9 0.051
0.61 138.3 19.2 0.139
0.64 148.9 7.4 0.050
0.68 163.2 4.7 0.029
O.69 166.8 5.2 0.031
0.72 177.9 30.3 0.170
0.74 185.4 9.2 0.050
0.92 257.5 14.2 0.055
0.99 287.6 28.5 0.099
1.07 323.3 8.8 0.027
1.31 438.7 13.7 0.031
1.39 479.8 19.9 0.040
2.87 1432 24.1 0.017
Table 14 shows that the mole % branch points is very small in the majority 
of cases (0.017-0,10 mole %) but in a two cases are somewhat higher 
(0,17 and 0,25 mole %). (See later)-
3 Gel permeation chromatography of branched polymers
To try and show that the binodal distribution is due to polymer branching, 
two branched polymers were prepared (T E Attwood) (45) using 2,4,4'- 
trifluorodiphenyl sulphone (XXIV).
Fi 0 ^ s° 2" O ' F
F
(XXIV)
as shown in equations 16 and 17
16 3n K + 3 K O ^ ^ - S ° 2- ^ ^ - O M e
+ F
/
V/
>MeMe'
n+1
'HSO.
(XXV)
17 5n + K C h Q h .02h Q ^ K
Me + 2
I
Meo
Lo-(/ \\
(XXVI) ~
Properties of these polymers are shown in Table 15*
TABLE 15
Properties of branched polymers
Property measured (XXV) (XXVI)
0.51
105-7
O.85
220. CDP calculated
% "high molecular 
weight" by GPC
mole % branch 
points (Eq 21) 0.322 0.364(a)
(a) Assuming 2. branch points per chain
The chromatograms (Graphs 13 and 14) of the branched polymers (XXV 
and XXVI) clearly show a very much larger second distribution than a 
linear polymer of comparable reduced viscosity (also shown on graphs 
13 and 14).
However it should be noted that the polymers were prepared in two stages, 
the low molecular weight species was prepared first and then reacted 
with 2,4,4,-trifluorodiphenyl sulphone. Therefore during the initial 
stages of the reaction a large proportion of phenolate end groups were 
present. It has been shown that under these conditions larger amounts of 
apparently high mollecular weight polymer are formed (see later).
Branch polymer (XXVI) was examined by osmometry and light scattering. The 
number average molecular weight was found to be 49,000 (calc from reduced 
viscosity, 51000). Light scattering showed that no high molecular weight 
species were present.
n-i ‘tHfHJ?
l i
'lliniiMlfi
"Hrr^‘ -ffti
rap h  paper
. 5mm. 10mm
5 0 0 5
rap h  p ap er 5 0 0 5
5mm. 10mm
Although there is some doubt about the GPC results for the reasons outlined 
earlier it is probable that the binodal distribution is due to 
branching of some sort in some of the molecules which increase their 
molecular volume, such that they cannot enter the pores in the column.
They pass through quickly and thus appear to have a very high molecular 
weight.
4 Mechanism for the formation of branching in linear pol.y(phenylene ether 
sulphone)
Branching could arise from trifunctional impurities in the starting 
mateiials or from a side reaction.
(a) Trifunctional impurities
Small amounts of impurities derived for example from 2,4,4'-trifluoro 
diphenyl sulphone (XVII) would lead to the formation of branched polymers 
by reactions analogous to reactions 16 and 17. The amounts involved 
would be very small, less than 0.1 mole per cent.
(b) Side Reaction
A possible side reaction is the nucleophilic substitution of a hydrogen 
atom ortho to the sulphone group by a phenoxide ion (Reaction 18).
18
+
xl/
( 4 4 )
Similar reactions are known for example, the formation of 2-nitrophenol
from nitrobenzene and potassium hydroxide in the presence of an oxidizing 
agent to remove the hydride ion. (Reaction 19)* The ortho-position is 
preferred despite steric factors because of the additional activation 
by the inductive (-1) effect of the nitro group.
19
° w °
N
t^rH +?H
do o 
\  V
N.
I OH 
H
[0] +.
OH
(44)Similarly the Tschitschibabin reaction where replacement of a
hydrogen atom ortho to the hetero atom in pyridine is effected with 
sodamide in liquid ammonia (Reaction 20).
O ' - . t^  + I® _/? 2
A similar reaction may occur in the polymerisation of the potassium salt 
of 4-fluoro-4’-hydroxydiphenyl sulphone but only to a very small 
extent since the sulphone group is not as activating to nucleophilic 
substitution as the nitrogroup and the nhenoxide ion is not as 
powerful a nucleophile as the hydroxide ion or amide ion.
If this mechanism operates then.
(a) If it is assumed that the hydride ion displacement reaction has a 
high activation energy compared to the halide ion displacement, then 
as the reaction temperature is raised the rate of the hydride ion 
displacement will increase more than the rate of halide ion displacement. 
Therefore as the temperature of reaction is increased the amount of 
branching should increase.
(b) If the reaction is carried out in the presence of excess phenoxide 
end groups there should be more branching than if the reaction is 
carried out in the presence of excess fluorine end groups because 
of the concentration-time effect.
(c) If the reaction is carried out in the present of an oxidizing agent, 
for example, air, which assists the removal of the hydride ion, there 
should be more branching.
Table 16 shows the results of a set of experiments designed to test each 
of the above features.
The results show that as the reaction temperature is increased the 
amount of branching increased (Graph 15)* Also if the reaction is 
carried out in the presence of excess phenoxide end groups, a large 
increase in the amount of branching occurs (Graphs 16 and 17). The 
experiments run in air and nitrogen were inconclusive. Although 
a slightly higher proportion of branch points was found for the polymer 
produced in air, the increase was not significant.
Two of the predicted trends are found experimentally thus it would appear that 
the formation of branched polymer takes place through a side reaction of 
the type indicated (reaction 18). The increased amount of branching which 
occurs when excess phenoxide end groups are present strongly suggests that
the phenoxide end group is involved in the formation of branch points. 
Since this reaction could occur in any nucleophilie reaction used to 
produce poly(ether sulphones) all polymers produced in this way should 
show branching by gel permeation chromatography that is, they should show 
binodal distribution. This is found to be so for three other poly (ether 
sulphones) (Table 12).
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Part 4 Estimation of end groups in poly(phenylene 
ether sulphoneJ"
In the estimation of end groups it has been found convenient to 
express results in terms of end groups per 100 repeat units, where 
the repeat unit is represented by (XXVII)
", XXVII
The usual end groups which are found are the fluoro-, hydroxy-, and 
methoxy groups which arise from the reactions shown in 21*
The most important end group whose concentration is required is the 
hydroxyl group, because the presence of this group has a direct 
bearing on the thermal stability of the poly(phenylene ether sulphone) 
(see Part 5)•
1 Estimation of the total no of end groups
The total number of end groups present can be estimated from 
the number average degree of polymerisation.
End group per 100 repeat units =
DP
or since degree of polymerisation and reduced viscosity are 
related by
DP = 292 RV.1 .508
then the total no. of end groups per 100 repeat units
200
292 RV1.508
Estimation of fluorine end groups
Sodium methoxide reacts rapidly with the fluorine end groups 
and ether linkages of poly(phenylene ether sulphone) in 
dimethyl sulphoxide (dmso) solution (Reaction 22).
Thus the reaction produces 2 moles of sodium fluoride per mole 
of polymer and so consumes 2 moles more of sodium methoxide 
than the number of ONa groups formed irrespective of the detail. 
Therefore if a known excess of sodium methoxide is used and is 
titrated after the reaction with acid, the base consumed will
22 ■F + excess NaOCH^
n
or (n-1) CH.;3c ^ _ s o 2-<0 ^):>Na + C
be equivalent to the amount of fluorine end groups originally 
present*
• • Let titre before reaction = x mis
Let titre after reaction = y mis
Then if sample weight = w gms
Then x = mole F/gm
When N = normality of acid used
• • F per 100 repeat units = x 100IUUU w
_ 23.2(x-y)N 
w
The method is suitable for fluorine contents down to about 
3«0 per 100 repeat units. Below this the accuracy is not very 
good. This'represents a difference in titrations of about 
2 mis for a 2 gm sample using N/10 acid.
Estimation of methoxy end groups
Nuclear magnetic resonance was used to estimate methoxyl end 
groups by comparing the area of the -O-CH^ peak with the total 
area of the aromatic proton resonances and since there are 
8 aromatic protons per repeat unit and 3 protons per O-CH^ 
group.
area of -0CH-,
j
30CH-, per 100 repeat units  ---------— r= x 1003 area of Ar-H
 8----
The method is quite sensitive and with spectrum accumulation 
can be used for methoxyl contents down to 0.1 -OCH^ groups per 
100 repeat units.
Determination of hydroxyl end groups
An infra-red technique was developed for determining the hydroxyl 
content of a poly(phenylene ether sulphone). The spectrum of a 
sample of poly(phenylene ether sulphone) in the form of a thin 
film was run between 2.5 and 3*0 microns and between 2.0 and 
2.3 microns in that order. The absorbance of the peaks at 
2.96 microns (hydroxyl) and 2.15 microns (internal standard) were 
measured as shown in Graph 18.
The ratio, of the two absorbances is calculated (hydroxyl ratio). 
The spectra are run in the order given because poly(phenylene 
ether sulphone) is very hygroscopic and picks up water rapidly.
This increases the size of the peaks at 2.74 and 2.82! microns
which are due to water and if these peaks are large they can 
interfere with the required measurements especially when small 
amounts of hydroxyl are present.
The choice of baseline was also determined by the interference 
of the water peaks. The baseline (line B, Figure 7) shown (in 
Graph 18) was the one which gave the least variation with water 
content and gave consistent results (Table .17)• The alternative 
baseline drawn straight across the base of the hydroxyl peak 
(line A, Figure 7) gave results which varied considerably
with the amount of water present.
ft
Table 17
Effect of the Position of the Baseline on the Hydroxyi 
Ratio with Varying Water Content
Water Ratio |*2| JJ 
Baseline B
OH Ratio Baseline A 
(Figure 7)
OH Ratio Baseline B 
(Figure 7)
1.34 0.93 1.20
1.64 O.98 1.28
1.76 0.90 1.23
2.55 0.76 1.20
2.63 O.78 1.23
3.06 0.71 1.20
3.44 0.68 1.21
Figure 7
Positions of the Baseline for Measurement of 
Hydroxyl Content
absorbances clue to water
3'Ob 2-64 wavelength (rn\ctz>D5)
The use of an internal standard peak which varies with the 
thickness of the samples eliminates errors due to variations 
in the thickness of the specimen#
9 0
Calibration
The hydroxyl ratio cannot be used directly, A factor is 
required to convert the hydroxyl ratio to hydroxyl groups per 
100 repeat units. Thus
OH ratio x f = OH per 100 repeat units
To measure the factor (f) a series of characterised polymers 
was prepared with a known amount of the bis potassium salt of 
4,4*-dihydroxydiphenyl sulphone* These polymers should have 
2 hydroxyl end groups per chain. The degree of polymerisation 
can be calculated from the reduced viscosity or the amount of 
added bis potassium salt of 4,4'-dihydroxydiphenyl sulphone* 
The number of OH groups per 100 repeat units can be calculated 
from the degree of polymerisation (Table 18), Comparison of 
this figure with the hydroxyl ratio will give the factor (f) 
(Table 19).
Table 18
Preparation of Hydroxyl Ended Polymers
Mole % Added 
KC>^ hS02© “0^
RV7 It *n in DMF 
- do ^
DP from RV2 OH Ends —from DP
OH Ends4 
from Added
ko-0 -s<^0 ok:-
1.40 0.40 73-3 2.73 2.80
1.65 0.35 59.9 3.34 3.30
1.89 0.34 57.4 3-48 3.78
2.14 0.31 49.9 4.01 4.28
2.35 0.28 42.8 4.67 4.70
1
Corrected for position of maximum reduced viscosity. 
2 Using DP = 292 RV1*5°8 
^ Using OH ends =
DP
4 Using OH ends = 2 x mole % K O - ^ ^ — —OK
Table 19 
Calculation of the Factor f
OH Ratio 
Found
OH p< 
From RV (a)
sr 100 Repeat Units
fr* . KD- O “B02“ O ' t b )
Facto]
a
r (f) 
b
2.7 7 2.73 2.80 0.99 1.01
3- 3.34 3-30 1.07 1.06
3-74 3*48 3.78 0.92 1.01
4.46 4.01 4.28 0.90 O.96
4.87 4.67 4.70 0.96 0.97
Average 0.97 1.00
The two methods are in good agreement and the average of 0*99 was 
taken as the factor (f)•
• •• OH ratio x 0.99 = OH per 100 repeat units
Thermal stability of poly(phenylene 
ether sulphone;
Preliminary experiments: Effect on stability
of various end groups
The three end groups that are encountered are methoxyl, fluoro 
and hydroxyl. The effect of these three types of end group on 
thermal stability was studied by preparing and testing the 
relevant polymers at 3^0° in the ram extruder.
(a) Fluorine end groups
The polymer was prepared according to reaction 23 and had 
the properties shown.
-F
(XXVIII)
RV 0.47
F 2.14 per 100 repeat units (calculation)
OH = <0.03 per 100 repeat units (ir)
OMe nil (nmr)
cue
The results of the stability experiment is shown in Table 20.
Table 20
Thermal Stability of Fluorine Ended Poly(Phenylene Ether 
"" Sulphone) (XXVII) at 380°C
Time (mins) Pressure Reading Reduced Viscosity
4 55 0.47
15 35 -
30 36 -
60 35 -
75 37 . « . . . . . . . . .
90 37 -
105 37
120 57
150 37 -
180 37
o-49
The appearance of the extrudate changed very little there 
was a slight darkening in colour but no bubbling, this 
together with the very small changes in the pressure reading 
and reduced viscosity indicate that poly(phenylene ether 
sulphone) with fluorine end groups1 is thermally stable for 
at least 3 hours at 380°.
(b) Methoxyl end groups
The polymer was prepared using reaction 24. The properties 
are shown.
24 F - ^ ^ - S 0 2- ^ ^ - 0 K  — > -OK
' ^    ^   t^ nvi QT
(XXIX)
RV = 0.55
OCH _ = 0.7 per 100 repeat units(nmr)
5
OH = 'CO.03 per 100 repeat units (ir)
F = 0.99 per 100 repeat units (calculation)
The stability is shown in Table 21.
Table 21
Thermal Stability of Poly(Phenylene Ether Sulphone) 
Containing Methoxyl Groups Measured at 3o0
Time (mins) Pressure Reading Reduced Viscosity
1° 53 0.55
20 52 - .
30 52
45 52 -
60 52 -
75 52 -
90 52 • -
105 52 -
120 52 0.55
150 52 -
180 52 0.55
The polymer is completely stable for 3 hours. There is 
no change in pressure reading, reduced viscosity or 
appearance. Therefore the presence of methoxyl groups 
does not cause instability.
Hydroxyl end groups
The polymer was prepared using reaction 25*
25 n * u Q - * o - Q ^  + K0- ^ ^ H S 02~ ^ ^ - 0K
h+/h2o
HO+O -S°2- <G>-^ -nO-S°2- 0 ^ H
(XXX)
RV = 0.50
OH = 1.92 per 100 repeat units
The results of the stability measurements at 38O0 are 
shown in Table 22.
Table 22
Thermal Stability of Poly(Phenylene Ether Sulphone) 
Containing Hydroxyl Groups Measured at 3 8 0 ° •
Time (mins) Pressure Reading Reduced Viscosity
5 53
10 66 0.61
15 86 0.69
20 99 0.762
25 105 0.792
30 113 0.822
40 1221 0.872
50 1321 0.962
60 148/ 21.11*
1 Unsteady readings - average taken
2 Contained a small amount of insoluble material (gel)•
The appearance of the extrudate changed initially from a 
clear smooth and straight appearance through a bubbled 
stage to a rough, crinkled appearance (Figure 8).
Figure 8
Appearance of Extrudate from Hydroxyl Containing Polymer
20 minutes5 minutes 10 minutes 
bubbled
25 minutes +
The results indicate that the presence of hydroxyl groups 
in poly(phenylene ether sulphone) causes instability.
A comparison of the three polymers is shown in Graph 19 
where the pressure readings are shown against time from 
which it is apparent that the presence of hydroxyl groups 
radically alters the thermal stability of the polymer.
2 Effect of hydroxyl end groups concentration 
on thermal stability
The effect of hydroxyl end group concentration was studied by 
blending different proportions of the thermally stable polymer 
(XXIX) and the hydroxyl ended polymer (XXX) described previously 
The properties of the blends are shown in Table 23*
Table 23
Properties of Blends of Hydroxyl and Non-hydroxyl 
Containing Poly(Phenylene Ether Sulphones)
Polymer Code OH per 100 Repeat Units
1
Preparation
A (XXIX) 1.92 As Made
B 1.44 74.9# A, 25.1# F
C 0.86 50# A, 50# F
D 0.45 25.2# A, 7 ± M  F
E 0.16 9.7% A, 9O.3# F
F (XXVIII) <0.03 As Made
Blends were prepared by co-dissolving the amounts shown in 
dimethyl formamide then re-isolating the polymer as the blend
raph paper
5 m m . 1 0 m m
The results of the stability measurements are given in 
Table 24, Graph 20.
Table 24
Effect on Stability at 380° of Varying Hydroxyl Content
Polymer Code 
Hydroxyl Content
A
1.92
B
1.44
c
0.86
D
0.45
E
0.16
F
<0.03
Time PRESSURE READING
0 48 47 49 50 51 55
5 55 - -
10 66 - 55 - 51 55
• 15 86 48 50 - -
20 99 - 56 - 51 55
25 105 - - - - - ;
50 113 58 61 50J 51 52
40 122 - - - - :
45 - 77 67 51J 51 52
50 132 - - - —
60 148 90 78 55 514 52
75 105 84 55 52 52
90 119 91 60 .! 54 52
105 130 98 61-J 54 52
120 145 106 65 55 52
155 114 68 56 52
150 124 72 59 52
165 77 61 52
180 83 61 52
Si
BBBWaaaBCT■iiiilii
raph papdr
. 5 m m . 1 0 m m
5 0 0 5
The graph shows that the rate of decomposition is dependent on 
the hydroxyl concentration# The reduced viscosities of the 
extrudates was also measured (Table 25, Graph 21). They showed 
a similar trend to the pressure readings.
Table 25
Effect on Stability of Hydroxyl Concentration - Reduced 
Viscosity of Extrudates
Polymer Code A B C D E F
Hydroxyl Content 1.92 1.44 0.86 0.45 0.16 < 0.03
Time (mins) REDUCED VISCOSITY
o
c
0.52 0.50 0.53 0.52 0.53 0.55
0
10 0.61 - 0.55 . - -
15 O.69 0.54 - 0.52 - -
20 O.76 - O.58 - - -
25 0.79 - - - -
30 0.82* O.58 .0.6.1 0.53 0.54 -
40 O.87* - - - .
45 - ■ 0.65 0.62 0.54 - -
50 O.96* - . - -
60 1.11* O.72 0.64 0#55 0.55 -
75 O.83 0.66 O.56 . - -
90 0.89* 0.70 0.57 O.56 -
105 O.96* 0.74 0.59 - -
120 1.12* 0.78 0.61 0.57 0.55
135 O.85* 0.62 - -
150 : 0.97* O.63 0.59 -
165 0.65 . - .
180 0.68 0.57 0.55
* Contain gel
raph paper
5 m m . 1 0 m m
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The results (Table 25) show that the rate of increase of reduced 
viscosity is dependent on the initial hydroxyl concentration 
for polymers of the same initial molecular weight and that the 
higher the initial hydroxyl content the faster the rate of 
increase of the reduced viscosity for this series of polymers.
Variation of the hydroxyl content with time 
at 560°. kinetics of the reaction
The extrudates from the previous experiments with hydroxyl 
ended polymers were examined by infra-red and the hydroxyl 
contents measured (Table 26, Graph 22).
The results show that initially the hydroxyl content falls but 
then levels off and begins to rise again in certain instances. 
This effect is more noticeable in another polymer which was 
synthesised and tested (Table 27, Graphs 23 and 24). This 
polymer had a reduced viscosity of 0.34 and an hydroxyl content 
of 2.50 hydroxyl groups per 100 repeat units. However the 
behaviour of the reduced viscosity appears to differ from the 
previous polymers tested, in that the initial rise is much 
slower but suddenly rises rapidly with the formation of large 
amounts of cross-linked polymer (gel).
Table 26
Variation of Hydroxyl Content with Time at 580°
Polymer Code 
Time (mins)
A
(OH
B I C | D I E I F
Hydroxyl Content 
Groups per 100 Repeat Units)
0
c
1.85 1.445 0.860 0.451 0.161 <0.05
P
10 1.64 0.819 0.165 -
15 1.52 1.357 - 0.452 - . -
20 1.47 • - ; 0.756 - . 0.165 -
25 1.42 - - - - ' -
30 1.54 1.191 0.731 0.404 O.165 -
40 1.33 - - - - -
45 - 1.047 0.712 O.57O 0.166 -
50 1.26 - - - - -
60 1.27 1.085 0.692 O.582 0.165 -
75 0.994 0.694 0.551 0.188 • -
90 0.930 0.673 0.571 -
105 0.902 O.656 0.579 0.184 -
120 0.899 0.667 0.577 0.227 <0.05
135 0.700 0.590 0.186 -
150 O.705 0.407 0.201 -
165 0.402 0.197
180 0.402 0.242 <0.05

Table 27
Thermal Stability of Poly(Phenylene Ether Sulphone)
R-^25°C = per repeat units = 2.50
Measured at 380°
Time Pressure R^ | o C OH per 100 Repeat Units
0 14 0.34 2.50
10 17 0.35 2.30
20 19 - -
30 20J- 0.37 2.04
45 24 0.39 -
60 28 0.41 1.94
90 53 0.49 1.81
105 88 0.61 1.70
120 170 0.801 1.69
135 285
2 1.65
150 362 2 1.66
165 542 2 1.75
Trace of gel
Highly gelled
raph  paper
m. 5 m m . 1 0 m m
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However this behaviour can be explained since a cross-linking 
or cleavage reaction occurring at the same rate in two polymers 
of differing molecular weight produces a markedly different 
observed behaviour in a property such as reduced viscosity or 
melt viscosity.
Consider a fixed weight of polymer containing n moles of repeat 
units and x polymer chains, Thenthe degree of polymerisation (DP) 
is given by:
■DP = - x
Let two polymer chains react to form a branched molecule, then 
the number of moles of repeat unit is still n but the number of 
polymer chains is now (x-1), therefore the new degree of 
polymerisation, DP^, is given by:
DP2 = ^ T  ..,..(30)
Consider two polymers of degrees of polymerisation 60 and 120, 
and let there be one reaction between polymer chains every t mins 
for every 1000 moles of polymer repeat unit.
Then it can be shown using formula (30) that the variation of 
reduced viscosity with time varies as shown in Table 28, Graph 23*
Table 28
Variation of Reduced Viscosity with Time in 
Two Polymers of Different Degrees of Polymerisation 
Reacting at the Same Rate
Time DP
1
RV DP w 1
0 60 0.35 120 0.56
t 63*7 O.36 137 0.61
2t 68.0 O.38 159 O.67
3t 73.0 0.40 189 0.75
4t 78.7 0.42 232 0.86
5t 85.5 0.44 302 1.02
6t 93.3 0.47 435 1.30
7t 103 0.30 77 0 1.60
8t 113 0.54 CO Gelled
9t 130 0.39
10t 149 0.64
11t 175 0.71
12t 213 0.81
 ^ Calculated from DP using RV = 0.0232 DP^*^^ 
Applying a similar argument to a cleavage reaction,
The effect is shown in Table 29, Graph 26, on two polymers 
of differing initial degree of polymerisation.
(3D
Table 29
Variation of Reduced Viscosity with Time in Two 
Polymers of Different Degrees of Polymerisation 
Reaction '(Cleaving) at the Same Rate
Time DP RV DP RV
0 6o 0.33 120 O.36
t 36.5 0.34 107.5 0.52
2t 33.3 0.33 97.0 0.48
3t 30.8 0.31 88.5 0.43
4t 48.3 0.30 81.4 0.43
5t 46.1 0.29 75.1 0.41
6t 44.0 0.29 69.9 0.39
7t 42.2 0.28 65.4 ,0.37
8t 40.3 0.2 7 61.3 O.36
9t 38 .9 0.26 57.8 0.34
10t 37.5 0.26 34.7 0.33
The observed behaviour appears completely different, yet the 
same reaction is taking place at the same -rate in each polymer.
Thus . the apparently different behaviour of the hydroxyl ended 
polymers of Reduced Viscosities 0.34 and 0.32 when looked at 
through the rise in reduced viscosity is simply due to their 
differing molecular weights. The behaviour of hydroxyl content 
with time is that which would be ejtpected, since this property 
is independent on the initial molecular weight.
ur ap h  paper
. 5mm. 10mm
5 0 0 5
Kinetics of the reaction
A plot of hydroxyl content versus initial rate of disappearance 
of hydroxyl groups was made (Table 29a f Graph 26a). The graph 
was linear so indicating that a first order reaction is taking 
place.
Table 29a 
Initial Rate of Reaction
Polymer Code
Initial Hydroxyl 
Content 
(0H/100 Repeat Units)
Initial Rate 
(0H/100 Repeat Units 
per Minute)
Table 27 2.50 0.020
A 1.86 0.022
B 1.44 0.011
C 0.86 O.OO58
D 0.45 0.0021
E 0.17 0.0007
Gel permeation chromatography of extrudates
A series of samples of extrudate (from a stability measurement 
at 3^0° of a polymer containing hydroxyl groups) were examined 
by gel permeation chromatography (Table 30* Graph 27).
raph  paper
m. 5 m m . 1 0 m m
5 0 0 5
Table 30
Gel Permeation Chromatography of Extrudates
Polymer: RV = 0.50, OH content = 1*96 0H/100 repeat units
Time at 5^0° 
(mins)
rv71^
-/25 °c
Position of HLow 
Molecular Weight Maximum11 
(Elution Volume)
% Branched 
Polymer
0 0.50 188.5 7.6
15 0.69 186 9-3
25 0.79 186 14.2
30 0.82 186.5 21.3
50 0.96 186.5 30.7
The chromatographs show that:
(i) The weight of branched polymer increases as the linear 
polymer decreases.
(ii) The position of the maximum of the linear polymer does 
not change, so that the molecular weight of the linear 
polymer is not changing.
5 Mechanism of the reaction of hydroxyl 
ended polymer at 3o0
The gel permeation chromatography indicates a reaction which 
leads to the formation of branched polymer and since the hydroxyl 
content falls initially the reaction is probably occurring through 
a hydroxyl group. (Reaction 26).

Subsequent reactions lead to the formation of highly branched 
and cross-linked structures (gel)• With such a reaction the 
hydroxyl content will fall and the molecular weight, and hence 
the.reduced viscosity, will increase. The molecular weight of 
the linear polymer will remain unchanged. These effects sire 
indeed found.
Now if the reaction is of the type indicated, let a fraction y 
of the original unbranched polymer molecules of degree of 
polymerisation DP^, react to form branching: then the new
degree of polymerisation DP^ is given by:
DP
DP2 = V 7  .....(32)
Let the original polymer contain hydroxyl groups per 100 
repeat units and after a fraction y have reacted, let there be 
hydroxyl groups per 100 repeat units. Then no. of molecules 
per 100 repeat units initially
_ 122 
= DP1
and no. of molecules per 100 repeat units that have reacted
=  X1 ”  X2
Therefore fraction that have reacted
X1 ~  x2 
100/DPn = y
Substituting (33) into (32) we get
DP1
DP2 = / DP, ' ....
1 -(io5 (x2 ‘ X15)
and rearranging to get x^, we find
x  _ x  _ J ° 2 + i ° 2  ( 3 5 )
2 1 DP1 DP
"Chen if it assumed that the reduced viscosity of the branched 
polymer obeys the relationship determined earlier,
DP1 = 292 RV^*508 .
and DP2 = 292 RV^ #^ °8
Substituting into equation 35,
1 0 0  1 0 0  ,.w-v
2 1 292 RV11#5°8 292 R V ^ #5°8
This equation will then give the relationship between the hydroxyl 
content and the reduced viscosity for polymer reacting at 3^0°•
This equation (36) was used to calculate the hydroxyl content 
from the reduced viscosity of the extrudate for the polymers 
previously described. The calculated values were then compared 
with the measured values (Table 31)*
This table shows that for the first 60 minutes the agreement between 
the actual and calculated values of the hydroxyl content is quite 
good, but thereafter the actual values become increasingly
higher than the calculated values. These results together 
with the gel permeation chromatography results indicate that 
the initial reaction is via the reaction of a hydroxyl group 
to form a branch unit
38O0
+ HO'"vv  y
thus accounting for the formation of branched polymer (gel 
permeation chromatography), the rise in reduced viscosity, and the 
fall in hydroxyl content.
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However after 60 minutes at 3 8 0 the relationship between the 
reduced viscosity and the hydroxyl content starts to break down. 
This indicates a second reaction is taking place which leads to 
the formation of new hydroxyl groups (Figure 9), since the 
actual figure is always higher than the calculated figure.
Figure 9
The alternative explanation is that the secondary reactions 
lead to an increase in molecular weight without involvement 
of an hydroxyl group, perhaps via another free radical.
eg
+H0------- x     + X<
+ Y* etc
However this seems unlikely in that the hydroxyl content would 
continue to fall, albeit not as fast as expected from the 
reduced viscosity* The mechanism does not account for the 
levelling off, and in some cases rise, in hydroxyl content noted*
The effect of 4.4*-dih.ydroxydiphenyl sulphone 
on the stability of poly(ether sulphone) V
/•zO\
The results of Levy and Ambrose show that 4,4'-dihydroxy 
diphenyl sulphone is unstable at 380° and breaks down as 
follows:
H0~ C 3 HS02~ C 3 ”"0H — ^ + S°2 + Polymeric material
(main products)
If this reaction were to be carried out in the presence of 
poly(phenylene ether sulphone), by analogy the total hydroxyl 
content should fall and after the removal of unreacted 4,4'-dihydroxy 
diphenyl sulphone, the polymer should contain hydroxyl end 
groups. The reduced viscosity should remain unaltered since the 
attachment of the small unit, OH, to the chain alters the
molecular weight only slightly.
Two experiments were carried out at 380° on mixtures of 
poly(phenylene ether sulphone) (V) containing 1 mole % and 
5 mole % respectively of added 4,4*-dihydroxydiphenyl sulphone. 
The results are shown in Table 32, Graphs 28 and 29*
Table 32
Effect of 4.41-Dihydroxydiphenyl Sulphone on Thermal 
Stability of PolydPhenylene Ether Sulphone) (V) at 3&0°
Exp 1 1 m % added 4.4*-dihydroxydiphenyl sulphone
Time
(mins)
(1)
Reduced Viscosity
OH per 100 Repeat Units
Before
Extraction
After
Extraction
4 - 1.70 -
14 0.48 1-57 -
24 - - 0.25
34 - 1.26
44 0.47 - 0.31
54 - 1.22
64 0.49 - 0.35
84 0.30 : - O.38

S i
§
l i n t i l l l i l i
Exp 2 5 m % added 4,4t-dihydroxydiphenyl sulphone
Time
(mins)
(1)Reduced Viscosity
OH per 100 Repeat Units
Before
Extraction
After
Extraction
4 0.49 N 0.21
0
9 0.47 T 0.46
19 M 0.89
E
24 - A 1.16
S
29 0.47 u 1.41
R
34 0.48 E 1.50
D
44 0.52 1.62
After removal of unreacted 4,4'-dihydroxydiphenyl sulphone.
The initial polymer had RV = 0.50, OH 0.05 per 100 repeat 
units.
The results were as expected, that is decreasing OH contents 
and increasing bound OH. The reduced viscosity remains 
practically unaltered and appears to fall slightly before rising 
at the end of the reaction. This could be an indication of chain 
scission reactions.
Further experiments were carried out using another model compound, 
4 -(4-fluorophenyl sulphonyl)-41-(4-hydroxyphenyl sulphonyl) 
diphenyl ether (XXXI).
V - s Q C=^ HS02“  C^“°H
( X X X I )
Effect on thermal stability of poly(phenylene 
ether sulphone) (v'V of added (XXXI)
The compound (XXXI) was added to a polymer and the stability 
measured at 3&0 ° as above• The results are shown in Table 33, 
Graphs 30 and 31 •
The results show that the total hydroxyl content falls as 
expected but the reduced viscosity also falls initially which 
would indicate a scission reaction.
Chain scission was confirmed by heating together at 3^0° equal 
weights of poly(phenylene ether sulphone) RV =0.42, and the model 
compound (XXXI). After 15 minutes at 380°, the RV had fallen 
to 0.21 (after removal of all the unreacted (XXXI)).
The samples from the experiment with 2 mole % added (XXXI) 
were extracted to remove the unreasbed model compound and the 
OH content of the extracted polymer was measured. The 
results are shown in Table 34, Graph 32.
Table 33
Thermal Stability of Poly(Phenylene Ether Sulphone) 
with Added (XXXl) at-3&0uC '
Mole % Added (XXXI) Nil 2 Mole % 4 Mole %
Time (mins) RV OH RV OH RV OH
4 O.69 0.03 0.66 1.82 0.61 3.58
10 - 1.90 0.60 3.48
15 - 1.67 3.30
20 O.63 1.70 3.20
25 - 1.65 -
30 - 1.72 O.58 2.92
40 - 1.62 2.76
45 0.68 0.03 2.73
50 0.61 1.57
57 0.58 2.38
70 0.61 1.50
75
83 0.59 2.12
100 - 1.41
105 O.69 0.03
110 0.63 2.11
135
165 0.68 0.04
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Table 34
Bound OH after Reaction of Poly(Phenylene Ether 
" Sulphone) and ( m i )  (2 M %)
Time (mins) OH Content (OH per 100 Repeat Units)
4 . 0.02
10 0.05
25 0.13
40 0.15
100 0.21
The rise in bound hydroxyl together with the fall in reduced 
viscosity (ie molecular weight) suggests that the reaction occurring 
is a scission at an ether link to form an hydroxyl group.
The fall in reduced viscosity can be used to calculate the number 
of new ends formed. These agree with the number of hydroxyl 
groups formed. (Table 35) •
Table 35
Calculation of Na. of New Ends Formed by Scission
Time (mins) RV
(1)
DP No. of Ends
......a r
New Ends 
per 100 RU
o h(5)
per 100 RU
4 0.661 156.36 1.279 0 0.02
20 0.629 145.09 1.378 O.O99 0.11
50 0.606 137.16 1.458 0.179 0.17
70 0.607 137.50 1.455 0.176 0.19
1 From RV by DP = 292 RV1#508
No. of ends at time t - no. of ends at 4 minutes 
2 From Graph 32.
1m
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5 0 0 5
The formation of hydroxyl ends indicates that the results obtained 
earlier for the hydroxyl ended polymer are influenced by a 
secondary reaction producing hydroxyl ends by scission, but the 
scission, ie a fall in reduced viscosity is masked by the large 
increase in molecular weight when the hydroxyl ended polymer 
reacts to form a branched molecule. When the smaller molecule 
is used, the increase in molecular weight from its reaction is 
very small and the fall in reduced viscosity is not masked.
DP. + HO
DP.
DP. + HO-
DP = 2
DPC^DP1 + 2
The scission reaction is dependent on there being OH end groups 
present. It does not occur in the absence of OH ends. Therefore 
it is probably dependent on the presence of free radicals.
Thermal stability of model compounds
Two model compounds were prepared to approximate to polymer 
molecules containing (a) hydroxyl groups and (b) no hydroxyl 
groups. These were, (XXXI) (previously described) and
4,41-bis-(4“ fluorophenyl sulphonyl) diphenyl ether (XXXII) 
respectively*
p-O“2"O^ "O“fl02"O_QP
(XXXI)
_ < g ) _ ^ 0 ^ s °  - F
(XXXII)
These compounds were chosen because they are the simplest which 
contain all the functional groups present in poly(phenylene 
ether sulphone) (V) and are involatile at the temperatures 
under study.
The measurements of the thermal stability of these model compounds 
could not be carried out in the ram extruder because of the low 
viscosity at elevated temperatures. They were, therefore, 
tested by heating at the required temperatures in a test 
tube under a stream of nitrogen. The evolved gases were passed 
into a trap immersed in methanol-solid carbon dioxide (-77°C).
Any trapped volatiles were examined later.
Stability of 4.4t-bis-(4-fluorophenylsulphonyl) 
diphenyl ether) (XXXIlj
This compound is a model compound for fluorine ended poly(phenylene 
ether sulphone). It was heated under nitrogen for periods of 
3 hours at temperature of 3&0° to 460° (Table 35)* The thermal
stability was excellent with no appreciable decomposition 
occurring apart from some deterioration in the colour of the 
samples.
Table 35
Thermal Stability of 4.4'-bis^-fluorophenylsulphonyl)
Diphenyl Ether
Temp 0 Time (hr) Evolved Gases Notes
VM 
' 
Oo o 3 None detected Very pale yellow after 3 hrs
400 3 it
420 3 it
Gradual increase in 
colour
440 3 it \f
460 3 ii Pale brown
These results are in accord with good stability recorded 
earlier for fluoro ended poly(phenylene ether sulphone) (V)#
The other compound tested, 4-(4-fluorophenylsulphonyl)-4,~
(4-hydroxyphenylsulphonyl)diphenyl ether(&CXI) as expected 
showed poor stability at 3^0 0• The material quickly darkened 
and evolved volatiles* These were collected and identified as 
sulphur dioxide, phenol and 4-(4-fluorophenyl sulphonyl) diphenyl 
ether (XXXIII)# (Reaction 27)*
(XXXIII)
No specific species could be identified in the residue, a 
dark brown oil, which set to a glass on cooling.
The products identified above, indicate that the breakdown 
occurs via the hydroxyphenyl sulphonyl group as shown in 
Reaction 28.
(28) F-\ _v -sop~ \ _y _so?_\/_ / -°H
F* x  _
\=/ 2 \=.
hydrogen
abstraction
N (
hydrogen 
abstraction
Polymers with other types of thermal 
stability behaviour
During the course of this investigation several other samples 
of poly(phenylene ether sulphone) (V) were prepared, which, 
although they contained little or no hydroxyl end groups, were 
found to be unstable at 380°. The stability in these cases 
was characterised by a slow rise in reduced viscosity of the 
extrudate and a rise in the hydroxyl content, (Table 36, Graphs 33 
and 34). There is some indication that the Reduced Viscosity may 
fall initially. (Polymer 1, Table 36).
Table 36
Polymers with Low Initial OH Content, Showing 
"" Instability at 380°
Polymer 1 Polymer 2
Time
(mins) ’ RV
OH/
100 Repeat Units
Time
(mins) RV
OH/
100 Repeat Units
0 0.61: 0.04 0 0.43 0.02
10 0.59 0.19 60 0.44 0.04
30 0.57 0.20 90 0.44 0.06
90 0.62 0.31 120 0.44 0.06
100 0.60 0.35 130 0.46 0.10
120 0.63 0.42 180 0.48 0.13
130 0.67 0.45 210 0.30 0.23
140 0.65 - 240 0.52 0.26
150
1
0.75 O.38 270 0.56 0.19
160 2 0.39
180 2 0.45
185
2
0.55
190 2 0.61
Contains a little gel 
2 Gelled
Similar behaviour was also shown by the branched polymer (XXVI) 
described earlier (see Section 3) /Table 37, Graphs 35 and 367*
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Table 3 7 .
Thermal Stability of Branched Polymer (XXVI) at 380°
Time (mins) RV OH Content
0 0.83 0.08
8 0.84 0.19
14 0.80 0.24
26 0.79 0.33
35 0.84 0.33
55 1.00 0.46
90 >1.161 0.49
Contains a lot of gel.
A graph of hydroxyl versus time for these three polymers is 
shown in Graph 35 •
The similarity in behaviour of these polymers and the polymer when 
heated with 4-&-fluorophenyl sulphonyl)-4*-(4-hydroxyphenyl 
sulphonyl) diphenyl ether (Table 34, Graph 32) should be noted.
This suggests that these polymers contain an impurity which at 3^0° 
gives rise to free radicals. These then attack the polymer 
chain, initially to cleave ether links to produce hydroxyl 
groups and some cross-linking. The hydroxyl ends* decompose and 
lead to further cross-linking, and the production of more 
hydroxyl end groups.
An attempt was made to simulate these conditions by adding a 
free radical generator to a stable polymer and observing the 
behaviour.
Initiation of thermal decomposition with 
1,1,2.2-tetraphenylethane
The choice of a free radical initiator for this system is 
limited, since it must be relatively involatile and only give 
free radicals at elevated temperatures. The radicals it forms 
should be of sufficient energy to initiate the decomposition. 
The compound chosen was 1,1,2,2-tetraphenylethane (XXXIV).
It was hoped that at elevated temperatures this would form 
benzhydryl radicals (XXXV), Reaction 28.
Accordingly a sample of a stable poly(phenylene ether sulphone) 
containing 1% by weight of added 1,1,2,2-tetraphenylethane was
H—G— 0—H
(XXXIV)
(28)
-> 2 H-C °
(XXXIV) (XXV)
heated at 380° in the usual manner and the extrudates examined 
(Table 38).
The results were inconclusive and no further work was carried out
Table 38
Thermal Stability. at 380°« of Poly(Phenylene Ether Sulphone) 
! Containing 1.1,2.2-Tetraphenylethane (XXXIV)
% Added (XXXIV) 1# w/w 0 (Blank)
Time (mins) RV OH RV OH
0 - 0.04 0.40 0.04
5 0.37 0.40 0.04
10 - 0.05 - 0.04
15 0.39 0.40 -
20 - 0.05 - 0.06
25 - - 0.40 -
30 . - - - 0.05
40 0.39 - 0.40 -
45 - O.O8 0.06
55 0.39 - 0.41 -
65 - 0.12 - 0.07
75 0.40 - 0.41 -
11 Proposed mechanism for the thermal
decomposition of poly(phenylene ether 
sulphone) (v)
I have summarised below the observed thermal stability behaviour 
for poly(phenylene ether sulphone) (V).
(i) Polymers which have only fluorine and/or methoxyl end 
groups are stable for long periods at 380°.
(ii) Polymers which have hydroxyl end groups are unstable at 
380°. The rate of the reaction is dependent on the 
hydroxyl content and is first order initially. The
decomposition is characterised by an increase in molecular 
weight (reduced viscosity) and a drop in hydroxyl content 
initially. The hydroxyl content then levels out and begins 
to rise.
(iii) Gel permeation chromatography of the samples taken during 
the decomposition of hydroxyl ended polymer shows an 
increase in branching.
(iv) Studies with model compounds indicate that the initial step 
in the reaction is the breakdown of the hydroxyphenyl 
sulphonyl group.
(v) Studies with mixtures of model compounds and polymers
show that there is also a chain scission reaction occurring 
and that hydroxyl groups are formed on the polymer chain.
(vi) Certain polymers which have no hydroxyl end groups and 
which would be expected to be stable at 3^0°, decompose in 
a manner characterised by the formation of increasing 
amounts of hydroxyl groups and an increase in molecular 
weight. There is some evidence that the molecular weight 
falls initially before increasing. The behaviour is similar 
to that described in (v) above. The cause of this behaviour 
is probably due to an impurity which initiates a free 
radical process.
I propose the reaction mechanism shown in Figure 10 to explain
this behaviour.
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Behaviour of hydroxyl ended polymers at 380°
(a) Initiation
The work on the model compound, 4-(4-fluorophenyl sulphonyl)- 
4'-(4-hydroxyphenyl sulphonyl) diphenyl ether (XXXI) 
indicates that the initial breakdown is via the terminal 
4-hydroxyphenyl sulphonyl group* as indicated. Levy 
and Ambrose (38) also found that 4,4’-dihydroxydiphenyl 
sulphone was much less stable than diphenyl sulphone and 
4,4’-dichlorodiphenyl sulphone, thus indicating that the 
hydroxyl group when attached to a phenyl sulphonyl group 
weakens the sulphur carbon bond considerably* The 
products of the breakdown are sulphur dioxide and phenol.
The loss of phenol accounts for the drop in hydroxyl content.
^  ♦ " Q - 0" 
6 -*
(b) Formation of branching
The increase in molecular weight is due to branching.
The gel permeation chromatography of extrudates from the 
decomposing hydroxyl ended polymer illustrates this. 
Calculations have shown that initially the loss of hydroxyl 
content is commensurate with the increase in molecular 
weight if a branching reaction occurs. (Reaction 28).
There are two main routes by which this could occur depending 
on how the phenol radical acquires its hydrogen to form
phenol. (Reactions 29 and 30).
29 hydrogen
"H + 0 OH 7 ^
\— / abstraction
*0 + • ^  ^ ■vyv
radical
 >
- radical 
combination
// V
30
/ \ radical
\— h + ->
displacement
radical
+ °0 -°h  ->
-radical
combination
- A V + H
b_<0 _^oh
These reactions appear to predominate during the first 
60 minutes or so of the decomposition when good 
agreement is found between the calculated and actual values 
for the reduced viscosity - hydroxyl content curve.
Increases in hydroxyl content
The initial decrease in hydroxyl content is not maintained 
but the fall levels off and starts to rise. If the decomposition 
is initiated by a small molecule, for example the model 
compound (XXXI), an initial fall in the reduced viscosity 
is observed. Overall there is a loss of hydroxyl content
as expected, presumably by the mechanism already outlined.
However if all the unreacted model compound is removed, 
the polymer is found to contain hydroxyl groups, even 
though none were present initially, and none were formed when 
the polymer was heated alone. It appears that these 
hydroxyl groups are formed from the radicals produced by 
the model compound.
It could be argued that the bound hydroxyl groups arise 
from the reaction of the phenol radicals on the polymer 
chain (Reactions y\ and 32)*
radical 
-radical^ ----
combination
'+
OH
radical ( ,— v
H -------->  j ^ _ V o H  +■ H°
displacement \
However these reactions do not account for the fall in 
reduced viscosity that is observed. Therefore it seems 
likely that the radicals present can cleave an ether link 
to form a new hydroxyl group. The mechanism is not clear 
but could be due to the following reactions (Reactions 33 bo

These are radical displacement reactions cf cleavage of
Reactions of this type would account for the formation of 
new hydroxyl groups attached to the polymer and the 
reduction in reduced viscosity* The new hydroxy 
phenyl sulphonyl groups can then undergo reaction to 
form more phenol, sulphur dioxide, branching and new 
hydroxyphenyl sulphonyl end groups*
Decomposition of polymers with no hydroxyl 
end groups
Certain polymers which were prepared and which should have 
been stable at 3^0° by analogy with similar polymers were 
found to be unstable* The decomposition was characterised 
by a steady increase in the hydroxyl content and a rise in 
the molecular weight after an initial fall in some cases.
poly(phenylene ether sulphone) by nucleophiles 
(Reaction 36)•
+ X
+
X a F , OH, OR, 0 Ar
It is apparent that these polymers contain an impurity of 
some sort which can initiate the thermal decomposition.
Their behaviour is very similar to the polymer which contains
the model compound, 4-(4-fluorophenyl sulphonyl)-4*- 
(4-hydroxyphenyl sulphonyl) diphenyl ether which is known 
to give free radicals at 380°. Attempts to reproduce 
this sort of behaviour with a free radical initiator were 
unsuccessful.
However the following reaction scheme is proposed.
An impurity, AB, decomposes at 38O0 to give free radicals 
(Reaction 36)•
38036 A-B *— =— — > A* + B*
One or both of these radicals then attack the polymer chain at 
an ether link to produce a hydroxyl group (Reaction 37) 
cf Reactions 33-35*
5 7  +  A °
I
 S02_ O _ 0 ° + H
radical
abstraction
introduce the hydroxyphenyl sulphonyl end group which 
continues to react as shown* The molecular weight then 
increases and the hydroxyl further increases*
If we examine the thermal behaviour of Union Carbide
Corporation's Bakelite polysulphone (IV) as reported by
(35) (33)Davis and Hale et al we find there are similarities
in behaviour between this polymer
CH3
O t O "
CH_
3
(IV)
and ICI Limited's poly(ether sulphone) (V)*
(35)
Davis found that the reduced viscosity rose initially 
until after about 3 hours gel was formed, thereafter the 
reduced viscosity of the soluble fraction fell, while the 
amount of gel rose* He also found the the hydroxyl content 
of the polymer increased steadily* The major decomposition 
products were phenol, sulphur dioxide, and methane*
Davis's experiments were carried out at 38O 0 whereas 
Hale at al state that very little decomposition occurs 
below 440° and that the polymer may be repeatedly melt 
processed at 440°• However these results are compatible 
if it is assumed that small amounts of impurities or 
the presence of hydroxyl end groups can alter the thermal 
behaviour as is the case with poly(ether sulphone) (V).
It is then possible that the polymer used by Davis contained 
hydroxyl end groups or the initiating type of impurity, whereas
Hale et al used polymer which was free from these, V/e 
can see the behaviour reported by Davis can be explained 
by the proposed mechanism if we assume, for example, that 
the polymer he used contained a radical forming impurity. 
Then
A - B A® 4- B®
0—  -~S0„—  —0 + A®2
CH
3
CH.
+
CH.
3
increasing hydroxy content 
-chain scission
+ SO
_ Sulphur 
2 dioxide
2
phenol
+
Branching - increasing 
molecular weight
further branching
.Contd
gel formation
\ insoluble 
gel removed
Soluble fraction 
- molecular weight 
decreases because 
of cleavage
Soluble branched polymer 
cleavage
O +
I
gel
+ gel, increase in gel 
fraction
soluble branch polymer 
of lower molecular weight
The major decomposition products obtained by Hale et al 
were also phenol, methane and sulphur dioxide but the 
decomposition did not start until temperatures in excess 
of 440° were reached# Therefore in this case the 
initiation step is probably as proposed at Hale et al, ie 
the thermal rupture of the weakest bond present, the
sulphur carbon bond (Reaction 38):-
Then similar reactions to those above give rise to the 
major volatile decomposition products®
Part 6 Experimental details
Melting pointB were recorded using a thermometer which had been 
calibrated using some standard compounds..
Infra-red spectra (Nujol Mills or KBr discs) were measured with a 
Perkin Elmer 157 spectrophotometer with a sodium chloride prism®
Nuclear magnetic resonance spectra were recorded on a Varian A-60D 
(60 MHz) or a Varian HA-100 (100 MHz) spectrometer and chemical shifts 
recorded as 6 ppm from tetramethylsilane.
(46)Preparation of 4-fluorobenzene sulphonyl chloride 
Chlorosulphonic acid (120 moles, 13980 g, 7900 ml) v/as placed in a 
10 1 flanged flask equipped with stirrer, thermometer, condenser and 
dropping funnel. The chlorosulphonic acid was cooled to -5° with 
a methanol/solid carbon dioxide bath. Redistilled fluorobenzene 
(2880 g, 30 moles) was added dropwise whilst maintaining the 
temperature at -5 to -2°. The mixture was then allowed to warm to 
room temperature and was left stirring overnight. The reaction 
mixture was poured on to ice ( ^ 100 kg), the mixture was extracted 
with carbon tetrachloride (3 x 5 1) and the extracts were combined, 
washed (3 x) with water, and dried (Na2S0^). The solvent was removed 
by distillation at <100°C, finally under reduced pressure. The 
crude chloride was distilled under reduced pressure through an 
unpacked glass column (2 feet) to give 4-fluorobenzene sulphonyl 
chloride (4435 g* 76$) , bp 86° at 2 mmHg, mp 35”36° L i t ^ ^
35-36°.
(^8)
Preparation of 4,4*-difluorodiphenyl sulphone
4-Fluorobenzene sulphonyl chloride (4435 g, 22.8 mole) and redistilled 
fluorobenzene (2190 g, 22.8 mole) were placed in a 10 1 flanged flask 
fitted with stirrer, condenser, thermometer and powder funnel. The 
flask was heated with a water bath to 40°, when the addition of 
aluminium chloride (3500 g, 26.2 mole) in small portions was made 
to raise and maintain the temperature at 50°. Finally the reaction 
mixture was heated at 90-95°C to keep it fluid. After 3.5 hr all the 
aluminium chloride had been added and the mixture was kept at 90-95° 
for a further 1 hr by which time, hydrogen chloride evolution had 
ceased. The hot mixture was poured on to ice (25 kg) and the solid 
product was filtered off, washed with water, and then (by stirring) 
with warm dilute hydrochloric acid, and finally with water until 
free from acid. Drying at 70° under reduced pressure gave crude 
4,4’-difluorodiphenyl sulphone (5772 g, 99*7$)*
The crude product was dissolved in hot ethanol (1 g/3*5 ml), and 
decolourising charcoal (1$ by weight of crude product) and "celite'1 
-filter aid (1$ by weight of crude product) were added. The mixture 
was stirredfor 10 min, filtered hot, and the filtrate was cooled to 
give crystals of 4,4*-difluorodiphenyl sulphone (4900 g, 85$), 
mp 97.8 - 98.9° (Lit(49,50) 98°).
Preparation of 4-fluoro-4l-hydroxydiphenyl sulphone
4,4'-Difluorodiphenyl sulphone (734 g, 2.89 mole), dimethyl sulphoxide 
(2890 ml) and 50$ aqueous potassium hydroxide .(68.0 g, containing 
by analysis 5.78 mole) were placed in a 5 1 stainless steel vessel 
fitted with stirring baffles and equipped with an efficient stirrer, 
condenser, thermometer and nitrogen inlets and outlets. The flask 
was heated with a water bath and the reaction mixture was stirred
at 60° for 24 hr under nitrogen. The resulting mixture was poured 
into ice (2 kg) and water (3 kg) unreacted 4,4f-difluorodiphenyl 
sulphone was filtered off and the clear solution acidified with 
concentrated hydrochloric acid to give 4-fluoro-4'-hydroxydiphenyl 
sulphone which solidified on standing* The crude product was washed 
with water, dissolved in the minimum of warm methanol (1.1) and the 
solution decolourised with charcoal (25 g)* The clear filtrate was 
slowly added to vigorously stirred ice water (4 1) and the product was 
collected, washed with water and dried at 60° under reduced pressure.
The 4-fluoro-4'-hydroxydiphenyl sulphone was distilled under nitrogen 
(bp 240° at 0,2 mmHg): no column was used, only an anti-splash device.
Distillation was stopped when the still pot temperature reached 290°. 
The distilled product was dissolved in methanol, the solution treated 
with charcoal, and the product precipitated as described above. The 
dried product was then recrystallised from toluene (3 1) to give 
4-fluoro-4’-hydroxydiphenyl sulphone (512 g, 70.5$), 155-156° (Lit 
157-1580). Further crystallisation from toluene gave no improvement 
in melting point.
nmr (60 MH )— — z
H& Hp
£ (dimethyl sulphoxide) 7*92 (q, 2Hg, 9 Hz, 5 Hz) , 7*74 and
6.89 (AB , 2Hd, Jcd 8 Hz) and 7*34 (t, 2HA, £FA 9 Hz).
The mass spectrum was consistent with a fluorohydroxydiphenyl 
sulphone.
Preparation of 4.4'-bis-(4-fluorophenyl sulphonyl) 
diphenyl ether
Diphenyl ether (129.8 g, 0.764 mole), 4-fluorobenzene sulphonyl 
chloride (300.2 g, 1.528 mole) and nitrobenzene (100 ml 'Analytical 
Reagent' grade) were placed in a reaction flask fitted with stirrer, 
thermometer and nitrogen inlet. The exit gases were led to, and 
allowed to bubble through a beaker of water to absorb the hydrogen 
chloride evolved. The extent of reaction was measured by titrating 
the resultant hydrochloric acid with standardised potassium hydroxide 
solution using screened methyl orange indicator. The reaction mixture 
was heated to 60° and anhydrous ferric chloride (1 g) was added.
The temperature was raised to and maintained at 85° for 1.5 hr by 
which time 49$ of the theoretical amount of hydrogen chloride 
had been evolved. The temperature was then raised to and maintained 
at 115° for 4.5 hr after which the reaction was complete (HC1 evolution)
The reaction mixture was poured into methanol to give an oil which 
solidified overnight. The dried solid (202 g, 54$) was recrystallised 
successively from benzene (Yield, 121 g, 32.6$; mp 173-178), isopropyl 
aleohol-acetone (Yield, 104 g, 28.0$; mp 181-184°), and acetic acid 
(Yield, 76 g, 20.5$; mp I83-I850). The final product, an off-white 
crystalline solid, was condensed from the vapour above the melt in a sub 
limation apparatus at 240° and <0.01 mmHg to give a white solid (72 g), 
mp 184-186°, and a brown oil residue. The solid was recrystallised from 
benzene to give 4,4'-bis-(4-fluorophenylsulphonyl)diphenyl ether (70 g, 
19.6$), mp 185-186°. Found: C, 59*4; H, 3*2; F, 7*7; S, 12.8;
C24Hl6F2°5S2 re^u^res C’ ^9*3» H, 3.3; F, 7-8; S, 13.2$, ir (max)
3.20 (C-H); 6.28, 6.70 (C=C), 8.05 (C-0) and 8.60 y (S=0>.
nmr (60 MH^ .)
& (dimethyl sulphoxide) 8.00 (q, 2Hg J^g 9 Hz, Jpng 5 Hz), 7*96 and 
7.22 ( AB , ^ H p  9 Hz), and 7.39 Ct, 2HA JF,A 9 Hz).
Preparation of 4-(4-fluorophenylsulphonyl) -41 - 
(4-hydroxyphenylsulphonyl)diphenyl ether
4-Fluoro-4'-phenoxydiphenyl sulphone (164.2 g, 0.50 mole) diphenyl 
carbonate-4,4*-disulphonyl chloride (102.8 g, 0.25 mole) and 
nitrobenzene (220 ml) were placed in a flask equipped with stirrer, 
thermometer, condenser and nitrogen inlet. The exit gases were passed 
into water to absorb the hydrogen chloride which was titrated with 
standardised potassium hydroxide using screened methyl orange as 
indicator. The contents of the flask were heated to 80° and 
anhydrous ferric chloride (0.1 g) was added. The flask was then 
maintained at 110°C: after 6 hr, 96$ of the theoretical amount of
hydrogen chloride had been evolved. The reaction mixture was poured 
into methanol and the resulting oil transferred with fresh methanol 
to a laboratory blender whereupon after vigorous agitation a solid 
was formed. The solid was filtered off, washed with methanol and 
dried to give the crude 4,4,-bis-(4-fluorophenylsulphonyl-4-phenyl-4- 
oxo-phenyl) diphenyl carbonate (215 g* 87$).
The crude carbonate was slurried with methanol, and 50$ aqueous 
potassium hydroxide (containing 1 mole KOH) was added. Stirring for 
2 min gave a clear solution, which was at once poured into ice/water 
(2 kg) and acidified with concentrated hydrochloric acid. Crude 
4-(4-fluorophenyl sulphonyl)-4'-(4-hydroxyphenylsulphonyl)diphenyl ether 
was obtained as a semi-solid mass which was washed with water by
decantation. The drained product was dissolved in a minimum of 
boiling glacial acetic acid* Decolourising charcoal and ,fcelite" 
filter aid were added and the mixture filtered hot* After several 
days, large colourless crystals had formed. These were filtered off, 
washed with a little glacial acetic acid, and recrystallised from 
glacial acetic acid. The large crystals were powdered and dried at 
140° and <0*1 mmHg. The resultant product (80 g had mp
^(dimethyl sulphoxide) 7*99 (q, 2Hg, £AB 8 Hz 5 Hz), 7*95 and
diphenyl sulphone
Approximately 4 N-potassium hydroxide was prepared by diluting a 
standard volumetric solution (convol ex Hopkin & Williams) to 250 ml 
with redistilled methanol, the solution being allowed to equilibriate 
to room temperature before finally being made up to the mark.
226-228°. (Found: 0,53.6; H, 5.5? F, 3*8; S, 12.4. C ^ H ^ O g S g
requires C, 59*5? H, 3-5; F» 3*9? S, 13.2&), ir (max) 2.92 (OH), 
6.30, 6.70, 6.92 (C=C), 8.06 (C-0), and 8.65 (S=0).
hmr (60 MHZ)
7.18 (ABq, 2H^,2Hd, 8.5 Hz), 7.91 and 7.18 (ABq 2H^2Hg,
8.5 Hz), 7.77 and 6.93 (ABq, 2^21^, 9 Hz), and 7.34 (t,
2Ha W 8 H z )v
Preparation of the potassium salt of 4-fluoro-4 ^ hydroxy
4-Fluoro-4,-hydroxydiphenyl sulphone (ca 8 g) was weighed accurately 
into redistilled methanol (75 ml) and the solution titrated with the
potassium hydroxide. The end point was determined potentiometrically
using glass and calomel electrodes and an EIL Type 23A pH meter.
As the end point was approached, the potassium hydroxide solution was
added in 0.20 ml increments and the end point calculated using the
(52)method of J J Lingane . A n  example is given below.
Sample weight = 8.7068 g 
ml of KOH (V) mV (E) A E / A V  A ^ / A V 2
8.0 629
10
8.2 639
13
8.4 652
28
8.6 680
45
+17
8.8 725
20
-25
9.0 745
13
9.2 758
4
9.4 762
End point = 8.6 + 0.2 fer-^-rr)
• ( + co
ss 8.681 ml
• • 1.0000 g of —QH requires 0.9970 ml KOH for neutralisation.
4-Fluoro-4'-hydroxydiphenyl sulphone (47.3160 g) was dissolved in 
redistilled methanol (250 ml) in a 1 1 rotary evaporator flask. Potassium 
hydroxide (47*0 ml) was added from a burette and the mixture evaporated 
under water pump vacuum whilst the temperature of the water bath was
gradually raised to 100° and then maintained at 100° for 2 hr.
The salt was removed, ground up and transferred to a glass bottle 
wrapped in aluminium foil to exclude light. The bottle was placed 
in an electrically heated drying pistol and dried at 120° and 
<0.001 mmHg overnight. The dry salt was stored in a well stoppered 
bottle wrapped in aluminium foil and kept in a dessicator over 
phosphorus1, pentoxide.
The preparation of the bispotassium salt of 
4.4*-dihydroxydiphenyl sulphone
This salt was prepared by the method used for the potassium salt of 
4-fluoro-4*-hydroxydiphenyl sulphone•
Preparation of potassium phenate (anhydrous)
Phenol (564.6 g, 6.00 mole; 'Analytical reagent' grade) was dissolved 
in redistilled methanol (2 l) and the solution cooled in ice. 50$ 
Aqueous potassium hydroxide (to contain 6.00 mole) was added slowly 
with cooling. The solution was evaporated to dryness in a rotary 
evaporator under water pump vacuum. The resultant solid was powdered 
and dried in a vacuum oven at 1500 and 0.5 mmHg to give anhydrous 
potassium phenate (800 g, 100$).
Preparation of 4-fluoro-4l-phenoxydiphenyl sulphone
4,V-Difluorodiphenyl sulphone (1271 g; 5*0 mole), anhydrous potassium 
phenate (661 g, 5*0 mole) and dimethyl sulphoxide (3000 ml) were 
stirred in a flask equipped with stirrer, condenser and nitrogen inlet 
and outlet. The temperature rose to 50°, but after 3 hr had fallen 
to 33°, when the reaction was substantially complete $95$) as shown
by titration of
a sample with standard acid# The reaction mixture was poured on to ice 
(10 kg). The viscous oil was extracted into ether and the ether 
solution was washed with water and dried (Na^O^). Removal of the 
ether left a white solid (1503 g, 92$) which was distilled under 
nitrogen under reduced pressure through a 1 foot vigreaux column.
The first fraction (233 g)» bp 178° at 1 mmHg, was shown to be 
4,4*-di fluorodiphenyl sulphone•
\
The main fraction (901 g), bp 238-246° at 1 mmHg) was recrystallised 
from ethanol (2300 ml) to give 4-fluoro-4'-phenoxydiphenyl sulphone 
(870 g, 57.9$), mp 111-112°. Found; C, 67.2; H, 4.0; S, 9.7;
F, 4.8, C^H^FO^S requires C, 65.8; H, 4.0; S, 9*8; F, 5.8$ 
ir (max) 6.27 , 6.70 (C=C), 8.10 (C-0) and 8.65 (S=0).
nmr (100 MH?):
£ (deuterochloroform), 7.93 (q, 2Hb' —AB ^ ~F'B ^ 7*82
(d, 2HC 9 Hz), 7.29 (t, 2Hf, J£F 8 Hz, 8 Hz), 7.17 (d HQ), 
7.01 (t, 2Ha , Jab 9 Hz, JF ,A 9 Hz), 7.00 (d, 2Hp), and 6.99 (d, 21^)
Preparation of 4.4>-bis(chlorosulphonyl)diphenyl carbonate 
Chlorpsulphopic acid (933 g» 8.0 mole) in a flask fitted with stirrer, 
condenser and thermometer, was cooled to 0° and diphenyl carbonate 
(214 g, 1 mole) added in small portions whilst the temperature was 
kept at 0° - 3°. The mixture was allowed to warm to room temperature
and was then stirred overnight. The reaction mixture was poured on 
to ice and the solid filtered off and washed with water. The product 
was dried under reduced pressure and recrystallised from benzene (charcoal) 
The product (35° g» 85$) was a white crystalline solid, mp 150-151.5°.
nmr (60 MHz)
<$ (acetone) 8.23 and 7.78 (ABq 2^21^, JAfi 9 Hz)
Cl Og g - Q  HSO^Cl
/ \ / \
ha hb hb h a
Preparation of 1.1,2.2-tetraphenylethane
(a) Preparation of o(-bromodiphenylmethane
Benzhydrol (92 g, 0.30 mole) and 48$ hydrobromic acid (336 ml, 
2.0 mole) were heated, with stirring, under reflux for 0.5 hr. 
The cooled reaction mixture was then extracted with petroleum 
ether (bp 30-40°) and the combined extracts washed with a little 
ice-cold water. The solution was dried (Na2S04) and evaporated, 
and the residue distilled under reduced pressure through a 
1 foot vigreaux column. The fraction bp 126-129° at 1.2 to 
1.3 mmHg was collected to give **-bromodiphenylmethane (103 g, 
845S), mp 43-44° ( U t (55), 43-45°).
(56)
(b) Conversion to 1.1.2.2-tetraphenylethane
Dry ether (200 ml) magnesium turnings (2.4 g, 0.10 mole) and 
iodine (0.1 g) were charged to a flask fitted with stirrer, 
reflux condenser and compensated dropping funnel (all dried at
130° overnight). The exit of the reflux condenser was 
protected with a calcium chloride tube. 0<-Bromodiphenyl- 
methane (49.4 g, 0.2 mole) was dissolved in dry ether (100 ml) 
and added slowly from the funnel to the stirred ether and 
magnesium. After a few minutes the colour of iodine disappeared 
and the mixture started refluxing. The addition of the solution 
Of iX -bromodiphenylmethane was then adjusted to maintain a 
steady reflux. During the reaction a white precipitate was 
formed. After the addition, stirring was continued for 0.5 hr 
by which time all the magnesium had interacted. The white 
precipitate was filtered off and recrystallised from glacial 
acetic acid to give 1,1,2,2-tetraphenylethane (25 g, 75$)» mp 
211-212.5°. Recrystallisation from petroleum ether (bp 100-120°) 
gave 1,1,2,2-tetraphenylethane (22 g, 66$), mp 212-213° (Lit^^
■■ 212.5°).
Purification of sulpholane 
Two methods were used.
Method (a)^4
Sulpholane (ex Koch Light) was dried over Linde Type 4A molecular sieve 
and then distilled (3 x) from sodium hydroxide pellets under reduced 
nitrogen pressure through a 1 foot silvered column packed with 
Raschig rings /bp 88-90° at 0.5 mmHg, fp 28.47° (Lit^4  ^ 28.37°)7*
Method (b)
Sulpholane (1800 ml) which had been previously dried Over Linde Type 4A 
molecular sieve, was placed in a 2 1 round-bottomed flask fitted with 
a stirrer, a 9 inch vertical air condenser and a nitrogen inlet.
Potassium fluoride (anhydrous) (10 g) and poly(diphenylene ether sulphone) 
(20 g) were added, and the mixture was stirred overnight at 210° under
a fast stream of nitrogen* The mixture, was cooled, transferred 
to a distillation flask and distilled under reduced nitrogen pressure 
through a 1 foot column packed with Raschig rings. Pure sulpholane, 
bp 8;7° at 0.5 mmHg, fp 28*70°, was collected* (This is the preferred 
method)•
Purification of dimethyl formamide
Dimethyl formamide (Fisons, laboratory grade reagent) was stood over 
Linde type 4A molecular sieve for 1 week* The liquid was decanted into 
a 5 1 distillation flask and distilled under reduced nitrogen pressure 
through a 2 foot vacuum jacketted column packed with stainless steel 
gauze rings. The main fraction had bp ?2° at 24 mmHg.
Purification of fluorobenzene
Fluorobenzene (ex Koch-Light) was distilled at atmospheric pressure 
through a 2 foot column packed with glass multiturn helices. The 
fraction, bp 85°, was collected.
Purification of methanol
Methanol was purified by distillation under atmospheric pressure, 
through a 2 foot column packed with glass helices. The fraction, bp 
64-65°, was Collected.
Preparation of poly(phenylene ether sulphones)
1 Samples for molecular weight studies
The potassium salt of 4-fluoro-4'-hydroxydiphenyl sulphone 
(6.D00 g, 0.02067 mole), 4,4'-difluorodiphenyl sulphone or the 
bis-potassium salt of 4,4’-dihydroxydiphenyl sulphone (x mole)
and sulpholane (9 g) were weighed into a 3 necked 100 ml round- 
bottomed flask equipped with stirrer, nitrogen inlet, air 
condenser and nitrogen outlet. The flask was suspended above 
an oil bath at 200° and a fast stream of nitrogen blown through 
the flask for 15 minutes. The nitrogen flow rate was reduced and 
the flask was lowered into the bath. After 5.min the stirrer 
was started and the mixture was polymerised at 200° for 24 hr. 
Under nitrogen. The flask was removed from the bath and allowed 
to cool to about 50° before redistilled dimethyl formamide (50 ml) 
was added to the flask. The mixture was stirred until all the 
polymer had dissolved: potassium fluoride remained insoluble.
The mixture was poured slowly into a laboratory blender containing 
distilled water and the polymer, which precipitates, was thus 
macerated. The polymer was filtered off and washed by being 
stirred with boiling water for 1 hour; it was filtered hot 
and the process repeated (x 4). The polymer (freed from water- 
soluble solvents and potassium fluoride) was dried at 140° and 
1 mmHg for 12 hr.
2 Samples for thermal stability studies
(a) Preparation of polymers with fluorine end groups 
or hydroxyl end groups
The potassium salt of 4-fluoro-4’-hydroxydiphenyl sulphone 
(100 gms, 0.344 mole), sulpholane (150 gm) and the required 
amount of either 4,4'-difluorodiphenyl sulphone or the 
bis-potassium salt of 4,4’-dihydroxydiphenyl sulphone 
(calculated from the calibration curves obtained from (1) 
above, to give the required molecular weight) were placed 
in a 3 necked flask and polymerised as described above, for 
24 hr at 200°.
(b) Methoxy-ended polymers
A polymerisation with added bis-potassium salt of 4,4’- 
dihydroxydiphenyl sulphone was carried out as described 
in 2(a) above. After polymerisation at 200° for 24 hr, 
the mixture was cooled to 150° and methyl chloride gas 
passed into the mixture for 1 hr, through a syringe needle 
inserted below the surface of the mixture.
The polymers in each case are isolated as in the small scale 
experiments, and dried.
Further purification of polymers for thermal 
stability studies
The polymers, prepared and isolated as above, were further purified to 
remove traces of dust and other particulate impurities, and to ensure 
complete removal of the last traces of solvents and potassium fluoride.
The dry polymer was dissolved in cold re-distilled dimethyl formamide 
to give a 10$ solution.
A 3 necked 5 1 flask was equipped with a stirrer, a vacuum line with 
a pressure controller, and a Quickfit funnel with a No 3 porosity 
sinter. Redistilled methanol (2500 ml) was filtered directly into the 
flask through the filter which had been thoroughly washed to remove 
any loose sinter particles. The sinter was replaced by a similar 
clean and dry sinter, and the polymer solution was filtered through 
the sinter at such a rate as to fall in discrete drops into the stirred 
methanol. In this way porous balls of precipitated polymer were formed. 
When all the polymer solution had been filtered, the mixture was 
stirred for 30 min. The methanol was then sucked out through a sintered
glass filter stick dipping to the bottom of the flask, and fresh 
redistilled methanol was filtered into the flask as before. The 
vacuum line was removed and replaced by a condenser and the mixture 
heated to and maintained at reflux for 1 hr. The process was repeated, 
twice with redistilled methanol, once with distilled water containing 
2$ glacial acid (to convert any phenolate end groups to hydroxyl end 
groups), twice with distilled water and finally with a mixture of 
methanol and acetone (1:1), and in each case reflux was maintained for 
1 hr. The solvent was removed and the polymer was transferred to 
a clean tray, covered with aluminium foil, and dried overnight at 140° 
and 1 mmHg.
Preparation of specimens for testing in the ram extruder 
The purified polymers, in the form of porous balls, have too low a 
packing density to be used directly so a compression moulded plaque 
(4»i x 2” x -J”) was made. The dry polymer (28 g) was converted to 
film by pressing at 300° under 20 tonne pressure between sheets of 
0.007 inch thick aluminium foil in an electrically heated press. After 
3 min the sample was cooled to 150° whilst still under pressure in 
the press. The film was then removed and cut into pieces to fit the 
template. The pieces of film were freed from adhering dust by blowing 
with compressed air, and redried at 140° and “CO.01 mmHg. The pieces 
of film were placed in the template between stainless steel glazing 
plates and compression moulded at 320° under 20 tonnes pressure for 
5 rain. The moulding was cooled to 150° while still under pressure in 
the press and then removed.
The plaque was cut into strips, 4” x J1', using a small hacksaw kept 
specifically for the purpose and which had been thoroughly cleaned 
and.degreased before use. The samples were stored at 150° under 
reduced pressure until required to prevent them absorbing water.
Preparation of polymer blends
The two polymers to be blended were dissolved in redistilled dimethyl 
formamide and the blend isolated and made into a plaque as described 
above.
Preparation of samples with low molecular weight additives 
These samples cannot be prepared by the above method because of the 
high solubility of the additives in methanol or water. The following 
method was used.
Purified polymer (14 g) and the additive which had been finely ground 
were blended together by shaking. The mixture was dried and the 
whole sample converted to film, made into a plaque (2" x 2,f x and 
cut into strips as described above. The whole sample was charged to 
the ram extruder.
Measurement of thermal stability.
Use of the ram extruder
The apparatus has already been described (see Introduction). The 
barrel, preheated to 3^0°, was thoroughly cleaned and the die and its 
retainer placed in position. The sample to be tested (12-18 g) was 
placed in the barrel and the piston inserted. The stopwatch was 
started. The electrically driven screw with the pressure gauge was 
brought down to contact the piston and the speed adjusted to give the 
required shear rate. The pressure.reading was recorded and the time
noted. The extruded sample was collected for examination. The motor 
was switched off. After the appropriate time the motor was restarted 
and another sample collected.
Measurement of reduced viscosity
All measurement were made using redistilled dimethyl formamide as 
the solvent.
Polymer (0.2500 g) was weighed into a 25 ml graduated flask and 
dimethyl formamide (about 12 ml) was added. The flask was placed on 
a laboratory shaker and shaken gently until the polymer had dissolved. 
The flask was carefully examined to make sure no undissolved polymer 
was present and the remaining dimethyl formamide
added to make the solution up to 25 ml.
The solution was shaken to give an homogeneous solution. The solution 
was filtered through a No 2 porosity glass sinter into an Oswald 
capillary U-tube viscometer. The viscometer was suspended in a 
vertical position in a thermostatted water bath (25.00° t 0.02).
The solution was left to equilibrate to this temperature and the level 
adjusted. The flowtime was measured with an accurate stop watch. Two
readings (which should agree to 0.1 s) were taken and averaged (t ).... s
The viscometer was calibrated with pure solvent and the flow time (t )o
recorded. !
W  t  -  t
Then RV7 3 *  in DMF = °
~ o
Estimation of fluorine end groups
An approximately 0.1 N-sodium methoxide solution in dimethyl sulphoxide 
was prepared as follows:-
Redistilled methanol (50 ml) was placed in a 100 ml 3 neck flask
equipped with stirrer, nitrogen inlet and outlets and a condenser.
The methanol was stirred under nitrogen while sodium (about 2.3 g)
was cut into small clean pieces under petroleum ether. The sodium
pieces were dried and added rapidly to the methanol. The initial
vigorous reaction was controlled by cooling the flask in iced water.
When the reaction had subsided the mixture was allowed to warm up
and stirred until all the sodium had passed into solution. The mixture
was transferred to a 1 1 graduated flask and diluted to 1 1 with
dimethyl sulphoxide. The solution (25*0 ml) with water (50 ml) was
titrated potentiometrically against 0.1 N-sulphuric acid and the end
(52)point determined by the method of Lingane • Let the Titre = T^  ml.
Poly(phenylene ether sulphone)(2-3 gm) was weighed accurately into a
100 ml round bottomed flask and sodium methoxide solution (25.0 ml)
added. The flask was shaken gently to effect solution and placed on
a steam bath, with occasional shaking for 2 hr. The mixture was
cooled and transferred with water to a beaker, and titrated potentiometrically
with 0.1 N-sulphuric acid.' Let the end point - ml.
('?_! - 'I'.) x 2.32
Then Fluorine end groups/100 repeat units = -------- —-----w
Where w = weight of sample taken 
An example is given:-
25*0 ml sodium methoxide solution = 25*2 ml 0.1 IN-H^SO^
Weight of sample (g)
Titre after reaction (ml) 
Fluorines/100 repeat units
2.4435
13-1
11.5
d
2.6823
11.6
11.6
Measurement of hydroxyl end groups
The measurement was made using compression moulded film approximately 
0.010,f thick. The sample was prepared by taking tempered aluminium 
foil (0.01011 thick) and cutting a small rectangular hole (1n x -J") 
into the foil. The foil was placed on another sheet of foil and the 
poly(phenylene ether sulphone) (1 g) placed in a heap over the hole. 
Another sheet of foil was placed over the top and the whole placed
between two glazing plates. The film was produced by compression
moulding at 300° under 10 tonnes pressure in an electrically heated
press. The sample was cooled to 150° while still under pressure in
the press, and then removed. The piece of film was mounted on a 
card with a small window (J x i”) and dried at 150° under high vacuum 
(<0.01 mm). The dry sample was quickly transferred to a desiccator 
over phosphorus pentoxide. The spectrum was recorded using a Grubb 
Parsons type DB3 double beam spectrometer. The spectrometer was preset 
to run over the range 2.5 to 3»1 and the sample transferred from 
the desiccator to the spectrometer and the spectrum recorded immediately, 
The machine was then reset and the spectrum between 2.0 and 2.3 microns 
was recorded.
The spectrum had the following appearance:
3 i O
The base lines were drawn as shown and the measurements were taken 
at the peak maxima (2.96 |i - hydroxyl, 2.15 internal (thickness) 
standard)• For each peak the absorbance was calculated as follows;
0# transmission
100$? transmission
OH ratio =
log10
log10
a0H * b0H 
a0H
a + b 
s s
= R
Then hydroxyl/100 repeat units = 0.99F
For greatest accuracy.the hydroxyl peak (2.96 y) should not absorb 
beyond 2C$ transmission, and where necessary thinner film was used.
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